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INFRAREDRADIOMETRICSTRESSINSTRUMENTATION

APPLICATIONRANGESTUDY

By Milo H. Belgen
North American Aviation, Inc.

ColumbusDivision

SUMMARY

The theory governing thermoelastic energy conversion was defined for
adiabatic material elements subjected to oscillating stresses. The thermo-
elastic constants of four structural metals were measured. The thermoelastic
constant is of significant magnitude for structural metals, and the energy
conversion produces a small magnitude of temperature oscillation in an adi-
abatic material element subjected to oscillating stress. The oscillating radi-
ant signal emitted by an adiabatic material element was theoretically defined
for the oscillating stresses typical of fatigue, vibration and acoustic test
parts. The frequency ranges of emitted signal losses due to non-adiabatic
and high emissivity coating lag effects were theoretically defined and ex-
perimentally verified. The transient responses of high emissivity coatings
were experimentally evaluated. This yielded quantitative definition of
emitted radiant signals.

The signal attenuation by four diversely different pressure barrier
windows was theoretically defined in terms of window pressure differential
and other pertinent parameters. Radiometer performance was theoretically de-
fined for optical collection systems and infrared detectors. The collection
parameters were correlated in terms of the compromisesavailable relative to
spatial resolution and signal power irradiating the detector. The perfor-
mance characteristics of five diversely different infrared detectors were
defined, and this was combinedwith the signal emission and loss analysis to
evaluate a "detectable stress". Detectable stress is the lower limit of
stress oscillation likely to be detected (and the probable accuracy limit of
measurementsat greater stress levels).

The above research was utilized to develop a simplified method for
evaluating infrared stress measurementapplications and to study typical at-
tainable spatial resolutions and detectable stresses (for selected detectors
and windows) as a function of test part temperature and stress oscillation
frequency. It appears that room temperature infrared measurementsmight have
accuracies of the samegeneral magnitude as conventional instrumentation, and
infrared is likely to be more favorable than conventional instrumentation
relative to accuracy and other factors at elevated temperatures° Since infra-
red measurementsyield data on the sumof principal stresses, various combi-
nations of infrared and conventional strain instrumentation could yield many
(undefined) types of data not previously within the state-of-the-art. Infra-

1J_L_j-Lu_ ± r_IJ-_ _iJ_u.Lc_i. u_b_ _._Jt{u.l_luIUil u_ _J_ii_i-li__ _ _J-U_ elec-
tronic signal output.



INTRODUCTION

t

When a material is subjected to loads which change its volume, there

is a conversion between the mechanical and thermal forms of energy. If

the loads produce stress variations within the elastic limit of the material,

the energy conversions are nearly reversible (or isentropic). The existence

of this physical phenomena, commonly called the thermoelastic effect, has

been recognized for many years (ref. 1). The thermoelastic effect has been

incorporated into many diverse aspects of structural theory. The manner

in which strain gage measurements are altered by the thermoelastic effect
has been evaluated (ref. 2). The thermoelastic effect has been applied

for measurement of dynamic stresses with thermocouples (ref. 3).

Application of the thermoelastic effect for measurement of dynamic
stresses with an infrared radiometer was recently reported (ref _ and 5).

The non-contacting radiometric sensor with this technique has potential

advantages over conventional structural instrumentation, such as strain

gages, photoelastic coatings, and brittle coatings. The non-contacting
sensor is suitable for rapid spatial data acquisition by surface scanning

from relatively large stand-off distances. Since no sensor attachment to

test parts is required, the radiometric technique circumvents sensor weight

addition effects for dynamic tests and thermal degradation effects for

elevated temperature tests. However, the potential advantages of radio-

metric stress measurements could not be quantitatively evaluated from the

limited initial feasibility study of the technique.

Although the approximate magnitudes of adiabatic thermoelastic

temperature changes could be theoretically predicted, quantitative experi-
mental data were not available for common structural metals. Although

non-adiabatic effects (signal losses due to heat transfer within test

parts and between test parts and their environment) were expected at low

frequencies, the magnitudes of these frequencies were unknown. Although
coating thermal lag effects (signal losses due to high emissivity coatings

which might be applied for radiation signal enhancement) were expected at

high frequencies, the magnitudes of these frequencies were unknown. Al-

though approximate magnitudes of attainable stress measurement accuracies

were known for a specific simple radiometer, the magnitudes of accuracies
for more sophisticated radiometers (with or without pressure barrier

window attenuation) were unknown.

The primary purpose of the investigation reported herein was to

define infrared radiometric stress instrumentation accuracy versus range

parameters in terms of the direct signal factors identified above. A

secondary purpose was to identify (but not develop) additional techniques

required for direct stress read-out with radiometric sensors. The in-

vestigation was limited to unclassified data so that the results could

be freely disseminated.

Mr. J. A. Daily is the author of Appendix E. Mr. Robert K. Hanning

is co-author of Appendixes A and C. Mr. Ralph T. Rauch is co-author of
Appendix F.
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SYMBOLS

infrared detector sensitive surface area, millimeters 2

temperature increment signal ratio factor for bending stresses,
seconds

temperature increment signal ratio factor for lateral stress

gradients, seconds

temperature increment signal ratio factor for environmental

heat transfer, seconds

temperature increment signal ratio factor for a coating, seconds

specific heat of test part material (approximate value of Cp for
conductance and environmental analysis), Joules/degree Kelvin gram

specific heat at constant volume of a test part material,
joules/degree Kelvin gram

specific heat at constant pressure of a test part material,
joules/degree Kelvin gram

effective specific heat of an adiabatic test part material

element subjected to large stress increments within the elastic
limit, joules/degree Kelvin gram

first radiation constant in Planck's equation 37 405 watts
_aicronsS/centimeter 2 micron

second radiation constant in Planck's equation, 14 388 micron
degrees Kelvin

radiometer optics aperture diameter, centimeters

diameter of a circular window, centimeters

spectral specific detectivity of an infrared detector at a

reference frequency, centimeter e_-e-_z/watt

Young_ modulus of elasticity of a material, newtons/centimeter 2

(selected data in pounds/inch 2)

sum of principal strain components in an adiabatic element,

centimeters/centimeter

frequency of sinusoidal stress oscillation of a test part, hertz

radiometer optics focal length, centimeters

coefficient of heat transfer between a test part surface and its

environment, watts/degree Kelvin centimeter2
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material thermQelastic constant, centimeters _newton (selected.$ ,

data in inches_/pound)

a geometric optical function, steradians/centimeter

thermal conductivity of test part material, watts/degree

Kelvin centimeter

stand-off distance (from a radiometer to its focal plane),

centimeters

stand-off distance for maximum radiometric angular field with

specific spatial resolution criteria, centimeters

instantaneous rate of thermoelastic energy conversion,

watts/centimeter 3

maximum rate of thermoelastic energy conversion (for a
selected time), watts/centimeter

maximum rate of thermoelastic energy conversion (for a selected

time) at d_stance z below the surface of a test part, watts/
centimeter _

size of field of view at the focal plane of a radiometer,

centimeters

size of a radiometric field of view on a test part surface,

centimeters

average temperature of a body subjected to an oscillating

temperature variation, degrees Kelvin

time, seconds

thickness of a coating, centimeters (selected data in mils)

thickness of a test part, centimeters

thickness of a window, centimeters

overall radiometer signal-to-noise ratio, dimensionless

integrated spectral signal-to-noise ratio parameter, _-e-_/

centimeter steradian

width of a rectangular window, centimeters

lateral distance between an instantaneous radiometric field of

view and an infinite heat sink on a test part, centimeters

length of a rectangular window, centimeters
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half-thickness of a plate type of test part, centimeters

distance between a substrate material element and the surface

of a plate type of test part, centimeters

thermal diffusivity of a coating, centimeters2/second

thermal diffusivity of a test part structural material,
centimeters2/second

linear thermal coefficient of expansion of a test part

structural material, centimeters/centimeter degree Kelvin.

electronic filter equivalent rectangular bandwidth, hertz

optical field depth (total) for a radiometer focused at

stand-off distance Lo, centimeters

spectral signal radiance emitted from a surface, watts/
centimeter 2 steradian micron

spectral signal radiance transmitted to the aperture of a
radiometer, watts/centimeter 2 steradian micron

spectral signal radiant power incident on an infrared detector

sensitive surface, watts/micron

pressure differential across a window, pounds/inch 2

maxi_mmdeflection of a window, inches

spectral normal emissivity of a surface, dimensionless

integrated average spectral emissivity in a selected important
infrared detection wave length range, dimensionless

radiometer overall optical efficiency factor, dimensionless

ratio of detectivity at a frequency f and a reference frequency
for an infrared detector, dimensionless

ratio of actual and adiabatic temperature oscillations (root-

mean-square) for thermoelastic energy conversion with bending
stresses, dimensionless

ratio of actual and adiabatic temperature oscillations (root-

mean-square) for thermoelastic energy conversion with extreme

lateral stress gradients, dimensionless

ratio of actual and adiabatic temperature oscillations (root-

mental heat transfer, dimensionless
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ratio of surface and substrate temperature oscillations

(root-mean-square) for a coating, dimensionless

emitted signal ratio at frequency f (nz, nx, he, or nc),

dimensionless

peak-to-peak amplitude of temperature oscillation in an adia-
batic material element due to a stress oscillation o, degrees

Kelvin

temperature increment (relative to a temperature level T) pro-

duced by stresses in an adiabatic material element, degrees
Kelvin

temperature increment (relative to a temperature level T) pro-

d_ced by stresses in a non-adiabatic surface material element

(within a radiometric field of view), degrees Kelvin

temperature increment (relative to a temperature level T) pro-

duced by stresses in a non-adiabatic substrate material element,

degrees Kelvin

spectral infrared radiation wave length, microns

Lame' constant, newtons/centimeter 2

Lame' constant, newtons/centimeter 2

Poisson's ratio of a material, dimensionless

density of test part material, grams/centimete_

peak-to-peak amplitude of oscillation of the sum of principle
stresses in a material element, newtons/centimeter 2 (selected

data in pounds/inch2)

minimum detectable stress, newtons/centi meter2 (selected data

in pounds/inch _)

principal stress components xx, yy, and zz in an adiabatic mater-
ial element (plus convention for tension, newtons/centimeter 2

_m stress in a window, pounds/inch 2

transmittance of an infrared window, dimensionless

time constant for thermal response of a coating surface, seconds

detector plane angular field of view, milllradians

maximum field with specific spatial resolution criteria,
milliradians



RESULTSANDDISCUSSI(N

Test Part Signal Generation

Thermoelastic Ener_vConversion. - The basic source of infrared

stress measurement signals is the conversion between the mechanical and

thermal forms of energy which occurs when changes of stresses within a

material element alter its volume. The elastic and thermod3_mmAc theo_ T

for a material element with isotropic properties yields the relations

!

(Oxx + oyy + Ozz ) = 2VLe' + 3ALe' - (2UL + 3_ L) 3mxO

!

e I

p ¢v 0'

100(2_L + 3),L) ¢txT

when expressed in terms of coefficient of linear thermal expansion ex

and mass specific heat at constant volume cv with the selected
dimensional units (ref. 6). The above equations can be combined and

simplified to the relations

0' = - KlfflT(Oxx + eyy + Ozz )

KM = _ i00_

lO0(2u L + 3XL) 3ax2T

C v +
p

where KM is a designated thermoelastic constant primarily dependent

on test part material properties.

The equation for 9' above implies that adiabatic temperature

increments for a specific material are a linear function of the tempera-

ture level and the sum of principal stresses. With a plus convention

for tension stresses, the negative sign implies that tension produces

decreases and compression produces increases of material temperatures
(if KM is positive, as it is for nearly all materials). This investi-

gation is directed toward infrared measurements of oscillating stresses

rather than step changes in stresses. For a peak-to-peak sinusoidal

stress oscillation q and an adiabatic temperature oscillation @,

thermoelastic energy conversion is defined by the relations

e = KMTO

0' = (0/2) sin 2wft



dg'
qt " pc E6" (_pc0f) cos 2_ft

in which the adiabatic heat storage rate qt is the energy conversion

rate. These equations are general in terms of stress oscillation

about an arbitrary average magnitude (which is not necessarily zero).

The equation for KM above contains properties requiring more

careful definition for this instrumentation application than for the

common engineering applications. For the adiabatic material elements

most important relative to infrared stress measurement, the Lame f

constants are defined by the relations

E

2(1 + u)

E_ ax E2T

kL " (1 + v)(1 -2_) + Cv(1 - 2_) 2

which have been verified by adiabatic sound transmission experiments

(ref. 7 and 8). However, the second term in kL can be shown to have

a negligible effect on thermoelastic constants for common materials,

and dropping it yields the relation

100a x

KM" [c 3Eax2T _v+ 1oo 2 )j
applicable for the isothermal Lame' constants. The quantity in brackets

is the theroretical expression for the specific heat at constant pressure

for a solid. This can be verified from the basic theory (ref. 9 and

i0), noting that the iOO is a units conversion factor, density is the

reciprocal of specific volume, and cubical expansion is three times

linear expansion. These considerations yield the relation

100a x
KM "

P Cp

which is considered applicable for small stress increments. However,

large stress increments produce both volume and pressure changes in

solid materials, and an effective specific heat ce must then be intro-

duced. This yields the relation

KM - 100ax

P ca



in the form sometimes shown in the literature (ref. ll). Host of the

specific heat experiments reported in the literature were performed

at constant (zero) pressure, and no exact definition of ce is known

to exist. However, the known qualitative trends in compressibility

of solids indicates that specific heat increases with pressure for
some materialsand decreases with pressure for other materials (ref. 10).

The theory on thermoelastic constants was derived with the assump-

tion that all pertinent material properties sre isotropic properties.

Poisson's ratio is known to be somewhat anisotropic and to vary slightly

with strain (within the elastic limit) for aluminum, magnesium, and
titanium (ref. 12). Although small variations of Poisson's ratio would

have little numerical effect on isotropic thermoelastic constants, the

anistropic effects not included in the theory could be significant.

Experimental data indicate that there are some second order

variations in material thermoelastic constants.(See section on "Thermo-

elastic Experiments", p. 95 ). These variations are probably due to the

effects of stress on specific heat and/or Poisson's ratio (with anis-

tropic materials). The second order variations can be neglected in

evaluating infrared stress dete_tion ranges, but must be considered
in evaluating accuracy. Some infrared stress data corrections can be
made for the second order variations with the results of the current

investigation (See section on "Instrumentation System Methodology",
p. 62). Ultimate accuracy would require more complete definition of

the second order variations (See section on "Recommended Future Work",
p. s6).

Infrared Radiation Signal Magnitudes.- The most important infrared
stress measurement applications will involve a small surface element

that is flat (or nearly flat) and is viewed perpendicular, (or nearly

perpendicular) to its surface plane with the surface element completely

filling a radiometer field of view. It is desirable to select signal

parameters that are exact for the most important applications and have

small magnitudes of variation for wide ranges of surface flatness and

viewing angle. On this basis, the most suitable parameters are surface

normal radiance and emissivity.

For a diffuse radiator, the radiance signal is independent of
surface flatness and viewing angle. Lambert's law of cosines shows the

radiance per unit surface area to vary directly as the cosine of viewing

angle (ref. 13, P. 25). The area of any surface element completely

filling a radiometer field of view will vary inversely as the cosine

of viewing angle. The diffuse signal radiance is therefore independent
of angular factors, but the surface area within the radiometer field of

view is a function of viewing angle.(See section on Optical Collection

Parameters,, p. 38 ).



4

For real surfaces, the actual angular radiation does not conform

exactly with Lambert's law of cosines when the angles are more than

twenty degrees from perpendicular to the surface. The deviations are

greatest for angles exceeding sixty degrees (reference 1A, pp.41-51)

which are not viewing angles of interest In this application. However,

the summation of angular effects in a hemispherical field is significant

for most real surfaces, and normal emissivity is a significantly more

accurate surface property parameter than hemispherical (or total) emissivity

for this application (ref.l_, p. 52).

Thermoelastic energy conversion produces temperature increments

which are small compared with temperature levels T. For a black body,

the rate of hemispherical (or total) spectral radiant emittance change

with temperature is a function of temperature level and wave length

(ref. 13, P. 24). The radiance (or radiant intensity) in the direction

normal to a surface is 1/7 times the hemispherical (or total) po_r

radiated by the surface (ref. 15, pp 332). For a real surface of

emissivity c I , the spectral radiance charge AN/I is defined by the
relation

(aNkl/_ke) - Cl c2 eC2/XT
T2k6 (eC2/XT _1)2"

where cI and c2 are constants (ref. 13, pp. 13-19 and ref. 16, p. 5).

The above equation in terms of adiabatic thermoelastic temperature in-

crements yields the relation

c 1 c2 "eC2/XT

(ANxI/ekKMO) - w TX 6 (eC2-/kT_l)2

defining the basic infrared stress signal parameter. (See section on

"Thermoelastic Energy Conversion", pp. 7).

The magnitude and spectral energy distribution of the thermoelastlc

signal parameter varies with temperature (fig. 1). The thermoelastic

spectral energy distribution is the same function of temperature level

as other infrared sources of small temperature increments. The magnitudes

of thermoelastic signals (at constant stress increment) increase more

rapidly with temperature than signals from other infrared sources (at

constant temperature increment). Thermoelastic signal radiance is

proportional to surface emissivity (as with other infrared sources)

but is also proportional to test part thermoelastic constant (which is

a function of certain material properties). Thls is expressed by the

relation

ANxI " (ANxI/CxKMC) (EX) (KM) (o)

I0
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which contains all factors necessary to define the signal radiance in

terms of oscillating stress ao The thermoelastic constant is applicable

to adiabatic material elements and to the structural substrate of a

coated test part. Actual signal radiance can be altered by non-adiabatic

and coating response effects under some conditions. (See sections on

"_abstrate Conductance", "Lateral Conductance", '_nvironmental Radiation

and Convection", and "Coating Thermal Response", pp. 12, 16, 21, and 25).

Substrate Conduction. - When a plate is subject to loading which

changes its surface radius of curvature, bending stresses are produced

within the plate. For pure bending, the stress varys linearly through

the plate from a compression level at one surface to an equal tension

level at the other surface (the plate mid-plane stress being zero). If

the plate is vibrating in pure bending, the peak-to-peak stress oscilla-

tion varys directly with distance from the plate mid-plane (the highest

magnitudes being at the surfaces). The oscillating thermoelastic energy
conversion rate in this case will have maximum peak-to-peak magnitude at

the surfaces, be zero at the mid-plane, and have opposite (positive-

negative) sign on the two sides of the midplane at all times. (See section

on "Thermoelastic Energy Conversion", p. 8). The energy conversion will

therefore produce oscillating heat conduction between the two plate sur-

faces, and a radiometrically viewed surface element cannot be considered
adiabatic when the heat transfer between the surface and its substrate

is significant.

Since thermoelastic energy conversion is identical in magnitude and

opposite in sign on the two sides of the mid-plane for a plate subjected

to bending, the mid-plane will remain isothermal. When thermal gradients

within the plate are significant, environmental heat transfer will be

negligible compared with conduction, and the plate surfaces will be

essentially adiabatic. The transient conduction equations of this thermal

model have been solved for the case of an arbitrary spatial distribution

of heat generation (that does not vary with time). With the symbols de-

fined in this report, the relations
Z

, 4Z_.__ (i - e ) (cos Fl_Z)

(Opz)qz _ _2k (2ZFI)2

n=0

(qz cos Fl_z)dz

F1 = (2n+l)/2Z

are applicable (ref. 17, pp. 130-132), when it is noted that the summation

from zero of (2n+l) is required in equation (i0) as well as (7) and (9)

of the reference. For a plate subjected to bending, the thermoelastic

energy conversion will be a linear function of distance from the plate

mid-plane, and the maximum rate will be (_pcSf) at the surfaces. (See

section on "Thermoelastic Energy Conversion", p. 8). These considerations

yield the relations

12



qz = OroeOf)(1 4- z/Z) -Z <z <0

qz = (_ocef)(1 - z/Z) Ocz¢Z

s Z (qz cos Fl,rz)dz -
20cef

-z _ZFI2

as the evaluation of the required spatial definite integral. Substitution

into the heat conduction equation yields the relation

(Opz)qz = _3apZ2

n,,O

(co8 FlWZ)

F14

(i - e-_2a_Fl 2t)

defining transient temperatures versus time. The above equation would be

applicable if the maximum energy conversion rates were instaneously ap-

plied within the plate and did not vary with time.

The equation for oscillating heat generation can be obtained from the

equation for steady-state heat generation by applying Duhamel's theorem

(ref. 17, pp. 30-31). For the portion of the equation dependent on time,
this yields the relations

f(z,t) = (i - e-_2aP Fl2t)

f(Z,T,t--T) = [i- e-_2apFI2(t-T) I (COS 2_fT)

_f(z,_,t-7) = (_2UpFl2) (cos 2_fT)e-_2apFI 2(4t-T)
_t

t

f(z't)qt =S _f(z,_,t-T) dT = F2F3
_t 1 + F22

O

13



e

F2 . _ap _ap(2n+l) 22f FI2 " 8fZ 2

F3 - (sin 2_ft) + F2 (cos 2_ft) + F2e-_2aP Fl2t

applicable to sinusoidal variation of stress. Substitution of this time

function for that in the complete equation for conduction with constant

heat generation yields the relation

@o

8' = 28f _--(cos FI_Z)(F2F 3)pz _ FI4 (I + F22)

nmO

which is the general equation for transient temoeratures throughout the

vibrating plate. Substituting zero for z yields the relation

| u

8p

e __(sln 2wft) + F2 (cos 2_ft) - F2 e-W2apFl2t

w2Z2 FI2(1 + F22 )
rim0

defining the plate surface temperature versus time.

The exponential term accounts for an initial transient disturbance

which would occur if vibration were instanteously initiated in a test part.

This disturbance would vanish during early vibration cycles, and the tem-

perature oscillation amplitude would become constant. After steady-state

vibration for a sufficient period of time, the surface _ransient tempera-

ture is defined by the relation

, 8(sln 2_ft)_ I + F2(cot 2_ft)

8p = _2Z2 / FI2(I + F22 )

n=0

in which the initial transient disturbance is neglected. The adiabatic

and non-adiabatic temperatures can be compared with the relations

!

8 = (8/2) (sin 2_ft)

14



%

ep = (e')(8/_ 2) 1
(2n÷l) 2

I + (F4Up/fZ2)(co t 2wft)

1 + (F4aplfZ2)2

F4 = w(2n+l)218

(See section on _=_,u=_=o_ _u_v=_-=±u_ , p. ,;. The non-

adiabatic effects are a function of the material thermal diffusivity,

plate half-thickness, and oscillation frequency. These effects vanish

(in conformance with the known physical trends) for zero diffusivity and

for infinite thickness and frequency (because the summation becomes the

reciprocal of the constant in the non-adiabatic relation).

The ratio of non-adiabatic and adiabatic (rms) temperatures yields
the relations

n Z

128 Fn

rlz = _ (2n+l) 2
+ (./2Czf) 2 Fn

n=,O

I + (_/2Czf)2 (2n+l) 4

C z - (tp2/ap)

defining the substrate conduction effects on sinusoidal stress signals.

The relations are considered exact because no simplifying approximations

were necessary in their derivation.

The general relationships shown above provide a means of evaluating

the signal ratios produced by substrate conduction (fig. 2). Frequency

is the important independent test variable, and the signal ratio factor Cz

15



accounts for all other factors affecting substrate conduction.
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Figure 2.- Signal ratio parameters for

substrate conduction

The signal loss by substrate conduction does not preclude acquisition

of infrared stress data if the attenuated signal is strong enough for

radiometric sensing. Observed data can be corrected when the frequency

and test part characteristics are known. Such corrections would be exact

in terms of their theoretical basis, and would be fairly accurate in terms

of the observation of frequency, the measurement of test part thickness,

and the evaluation of test part thermal diffusivity. However, the accuracy

of corrections will sometimes be limited by uncertainty in the relative

magnitude of the bending stress component (for parts not known to be sub-

ject to bending only), and this constitutes the basic lower frequency

limitation imposed by substrate conduction.

In addition to the signal attenuation, substrate conduction alters

the wave shape and phase angle of the adiabatic signal. These factors can

be important in certain special applications (but not rms stress measure-

ments).

Lateral Conduction. - When a thin plate is subjected to loading, the

bending stress (and substrate conduction) is frequently small, and the

biaxial stress field over the plate area is then of interest. The spatial

stress distribution in this case is a function of the type of loading and

the manner in which loads are transferred through the plate by shear stress

16



lag. The thermoelastic energy conversion rates with an oscillating bi-

axial stress field are therefore different for various portions of the

plate• This will produce oscillating lateral heat conduction within the

plate, and a radiometrically viewed plate area cannot be considered adi-

abatic when the heat transfer between the viewed area and the surrounding
plate is significant•

The general case of lateral conduction with arbitrary biaxial stress

fields is specific for each test application• However, a simplified maxi-

mum lateral conduction case can be selected as a means of evaluating
ranges in which _-" -"_..... _a__-_ra_ .........

selected case is a thin plate subjected to a finite (constant) oscillating

stress with one edge of the plate connected to a semi-infinite solid which

has small (negligible) stress and temperature oscillation• The transient

conduction equations of this thermal model have been solved for the parti-

cular case of a constant spatial heat generation rate (that does not vary

with time). With the symbols defined in this report, the relations

(Op)qx = apqx f(x,t)qx
k

f(x,t)qx = (t + 2X2)erf X__ + 2X/re-X2/t - 2X 2

are applicable (ref. 17, p. 79), when equation (2) of the reference is

simplified to the case of zero initial temperatures. The maximum rate of

thermoelastic energy conversion yields the relations

qx = (wpcef)

!

(Op)qx- (ref) f(x,t)q x

(See section on "Thermoelastic Energy Conversion", p. 8). The above

equations define the transient temperatures which would be obtained if

the maximum thermoelastic energy conversion rate was instantaneously ap-

plied within the plate and did not vary with time.

The equation for oscillating heat generation can be obtained from the

equation for steady-state heat generation by applying Duhamel's theorem

t__ _ _ _:,_ o_ For +_ _+_ _ +1_ _n_t.4nn rt_n_._ct_._t, on t_me.

this yields the relations



a

¢

f(x,T,t-_) = E X(t-T+2X 2) erf /_2T

X2
2X

+7_ -T e

(cos 2_fT)

af (x,t,t-T) .

_t Ierf t__T 1 (cos2_f_)d_

f(x,t)qt "_o t

af(x,t ,t-_)

at

(sin 2_ft) - F5 + F6

2af

F5 = Isin(2_ft)- 2X/_e -2Xcq-{

X2 _ e-_2 d_,sin 2_f it - _-{

applicable to sinusoidal variation of stress. Substitution of this time
function for that in the complete equation for conduction with constant

heat generation yields the relation

0p-(0/2) E (sin 2aft)- F5 + F63
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which is the general equation for transient temperatures throughout the

vibrating plate.

The definite integral term F6 accounts for an initial transient dis-

turbance which would occur if vibration were instantaneously initiated in

a test part. This disturbance would vanish during early vibration cycles
(ref. 17, p. 65), and the temperature oscillation amplitude would become

constant. After steady-state vibration for a sufficient period of time,

the plate transient temperatures are defined by the relations

F7 - e-2XJ_f"

F8 _ (cos 2XJ'_')

F9" (tan 2X_)

in which the initial transient disturbance is neglected. The adiabatic

and non-adiabatic temperatures can be compared with the relations

e' = (el2)(sin 2_ft)

Op 1 - -

F1o- -

(See section on "Thermoelastic Energy Conversion", p. 7). The non-

adiabatic effects are a Ikmction of the material thermal diffusivity,

distance from an infinite heat sink, and oscillation frequency. These

effects vanish (in accordance with kno_n physical trends) for zero

diffusivity and for infinite distance and frequency (because the exponen-
tial in the non-adiabatic relation becomes zero).

The ratio of non-adiabatic and adiabatic (rms) temperatures yields

the relations
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f;o l/f (O;) 2 dt

/fjo l/f (o') 2 dt

Cx = (Xp21ep)

defining the lateral conduction effects on sinusoidal stress signals.

The relations are not exact in terms of thermoelastic energy conversion

for any actual test part° The selected thermal model would be approxi-

mated in the regions of a thin plate near a rigid stiffener, but no

stiffener would act as a completely infinite heat sink at stiffener-skin

joint. Actual conduction effects will therefore be less than implied by

the selected thermal model.

The general relationships shown above provide a means of evaluating

the relative signal ratio magnitudes produced by lateral conduction (fig.

3). Frequency is the important independent test variable, and the signal

ratio factor Cx accounts for all other variables affecting lateral con-

duction. The signal ratios greater than unity result from the node of

the thermal conductance waves which would be generated by sinusoidal

thermoelastic energy conversion. For this application, the node is sig-

nificant as a conductance error in the same manner as signal ratios less

than unity.

The signal loss by substrate conduction does not preclude acquisition

of infrared stress data if the attenuated signal is strong enough for

radiometric sensing. Signal corrections for lateral conduction are prob-

ably feasible by use of auxiliary sensor and analog devices. (See section

on "Recommended Future Work", p. 86). Without corrections, lateral con-

duction will impose signal ratios of unknown exact magnitudes in the

vicinity of stiffeners, holes, stress nodes, and possibly other regions

of flat plates with bimxial stress fields. The uncorrected data will be

increasingly inaccurate as the radiometric field of view approaches these

areas (with signal ratios deviating more from the unity asymptote), and

this constitutes the basic lower frequency limitation imposed by lateral

conduction.
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Environmental Radiation and Convection. - When a thin plate is sub-

jected to oscillating loads, the test conditions may produce substrate and

lateral conduction effects small enough to impose no limit on lower test

frequencies. However, the oscillating temperatures due to thermoelastic

energy conversion will cause periodic fluctuations of the temperature dif-

ferences between the plate and its environment. This will produce oscilla-

ting heat transfer between the plate and its environment, and a radio-

metrically viewed plate area cannot be considered adiabatic when the

oscillating heat transfer is significant. The term adiabatic is applied

above in the sense of the period for each temperature oscillation (which

directly affects infrared stress signals). There can be other non-

adiabatic effects from differences between the environments on the two

surfaces of the plate, changes in the environments, and transient response

of the plate to environmental changes. However, the basic result of non-

periodic heat transfer is a change of the average temperature level about

which thermoelastic temperature oscillations occur. This has a known in-

direct effect on infrared signals. (See section on "Infrared Radiation

Signal Magnitudes", p. ii). It has no direct non-adiabatic effect on

the oscillating signals.

Heat can be transferred between a test part surface and its environ-

ment by radiation and convection. The radiation heat transfer rate (in

general) is a fnnct_on of the difference between the fourth powers of
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the surface and environment temperatures, the emissivities of the surface

and enviror_ent, and certain geometrical factors. However, for small

temperature differences in a test part of small surface area (compared

with its enclosure environment), radiation heat transfer becomes an

(essentially) exact function of surface emissivity, surface temperature

level, and the temperature difference between the surface and its environ-
ment (ref. 18, pp. 62-6_). Therefore, the radiation and convection heat

transfer relations become similar when the radiation heat transfer co-

efficient is defined as the product of the surface emissivity and the

black body radiation (at the surface temperature level) per unit of tem-

perature difference between the surface and its environment. With this

approach, the total combined heat transfer coefficient is the sum of the

radiation and convection coefficients (even if the two environmental

temperatures are different). As the above discussion indicates, environ-

mental radiation increases with surface emissivity, but the resultant

increased non-adiabatic effects will usually be less important than the

improved radiation signs_ accuracy associated with high emissivity sur-

faces. (See section on "Instrumentation System Methodology", p. 48).

The rate of heat storage in a vibrating plate element will be less

than the thermoelastic energy conversion rate by an amount equal to the

rate of heat transfer between the plate element and its environment. The

heat storage rate for a plate element is equal to the product of its

weight, specific heat, and rate of temperature change. The thermoelastic

energy conversion rate for a plate element is equal to the product of its

volume and volumetric energy conversion rate. The environmental heat

transfer rate for a plate element is equal to the product of its exposed

surface area, the coefficient of heat transfer, and the oscillating com-

ponent of temperature difference between the plate element and its

environment. These considerations yield the differential relation

!

tp0c -2%dt = tPqt

for a plate of any area (i.e. unity area) with both surfaces exposed to

an average environmental heat transfer coefficient h. The magnitude of

energy conversion for a vibrating plate is defined by the relation

qt" (_0ce f) (cos 2_ft)

(See section on _Thermoelastic Energy Conversion", p. 8). Substitution

of this into the basic differential equation yields the relation

!

f

+ 2__h_hep
dt tpOC

- (vOf)(cos 2wft)
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for the complete differential equation.

the relations
This is readily solved to yield

ep
(_ef)

FII 2 + (2_f) 2
I( -Fllt1

2_f)(sin 2_ft) + Fll(COS 2_ft) - e

FII = (2h/tpOC)

defining the plate transient temperature versus time.

The exponential term in the equation accounts for an initial trans-

ient disturbance which would occur if vibration were instantaneously

initiated in a test part. This disturbance would vanish during early vi-

bration cycles, and the temperature oscillation amplitude would become

constant. After steady-state vibration for a sufficient period of time,

the plate transient temperature is defined by the relation

e' " (e/2)(sin 2_ft) IiP i + (Fll/2wf) 2 + (Fll/2_f)(cot 2wft)

in which the initial transient disturbance is neglected. The adiabatic

and non-adiabatic temperatures can be compared with the relations

!

e - (el2) (sin 2uft)

ep -- e 1/(1 + 1 + F12(eot 2raft

F12 = (Fll/2_f) = (h/_0Ctpf)

(See section on "Thermoelastic Energy Conversion", p. 7). The non-

adiabatic effects are a function of the material specific heat, material

density, plate thickness, environmental heat transfer coefficient, and

oscillation frequency. These effects vanish (in conformance with known

physical trends) for zero heat transfer coefficient and for infinity

density, specific heat, thickness and frequency (because all factors not

unity in the non-adiabatic relation become zero).

The ratio of non-adiabatic and adiabatic (rms) temperatures yields
J.L - _-i i •
bll_ £'_l_IblOIlS

2S



n
e

//_/o llf ' 2(8p) dt

/_/o llf ')2(o at

rle
1

i + (I/ITCef)2

Ce = (pCtp/h)

defining the environmental heat transfer effects on sinusoidal stress

signals. The relations are considered essentially exact because no sig-

nificant simplifying assumptions were necessary in their derivation.

The general relationships shown above provide a means of evaluating
the signal ratios produced by environmental heat transfer (fig. 4).

_equency is the important independent test variable, and the signal
ratio factor Ce accounts for all other variables affecting environmental
heat transfer.

The signal loss by environmental heat transfer does not preclude

acquisition of infr_'ed stress data if the attenuated signal is strong

enough for radiometric sensing. Observed data can be corrected when the

frequency, test part characteristics, and heat transfer coefficient are

known. Such corrections would be essentially exact in terms of their

theoretical basis, and would be fairly accurate in terms of the observation

of frequency, the measurement of test part thickness, and the evaluation

of test part material properties. However, the accuracy of corrections

will usually be limited by uncertainty relative to exact heat transfer
coefficients. Data corrected for environmental heat transfer will there-

fore be increasingly inaccurate as the magnitude of required corrections

increases, and this constitutes the basic lower frequency limitation im-

posed by environmental radiation and convection.

In addition to signal attenuation, environmental heat transfer alters

the phase angle (but not the wave shape) of the adiabatic signal. This can

be important in certain special applications (but not rms stress measure-

ments).
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Figure _.- Signal ratio parameters for environmental

radiation and convection

Coating Thermal Response. - High emissivity coatings for infrared

stress measurement applications will generally be as thin as practical

(to obtain rapid thermal response), and the radiometric sensing will be

in small surface elements that are flat (or nea_'ly flat). The most

appropriate geometric model for the coating is therefore an infinitely

wide flat plate. For cases of interest in the application, the heat

exchange between the coating surface and its environment will be neglig-

ible compared with the heat exchange between the coating and its substrate.

The adiabatic coating surface is therefore similar to the adiabatic mid-

plane of a plate which has the same thermal environment on both surfaces.

The response of a coating surface to a step change of substrate tempera-

ture would be approximately exponential with a time constant tc defined
by the relation

tc = 0.5 tc2/ac

where ac is thermal diffusivity and tc is coating thickness (ref. 14,

p. 266). For an exponential response characteristic, the coating sur-

face-to-substrate (rms) temperature increment ratio nc with sinusoidal

substrate temperature oscillation is defined by the relatin_
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nc = _i + (2._f.rc)2

where f is the oscillation frequency (ref. 15, p.

the above equations yields the relations

252). Combining

n c

/1 + (_Ccf)2

cc = (tc2/ac)

defining the coating effects on sinusoidal oscillating temperature

signals. The relations are fairly accurate, but they are not exact

because the coating response is not exactly exponential.

The general relationships shown above provide a means of evaluating

signal ratios produced by coating lag (fig. 5). Frequency is the impor-

tant independent test variable, and the signal ratio factor Cc accounts

for all other variables affecting thermal lag.

The signal loss by coating lag does not preclude acquisition of
infrared stress data if the attenuated signal is strong enough for

radiometric sensing. Observed data can be corrected for coating lag

when the frequency and coating characteristics are known. Such correc-

tions would be fairly accurate in terms of their theoretical basis, the

observation of frequency and the evaluation of coating thermal diffdsi-

vity. However, the accuracy of corrections is limited by the uncertainty

relative to exact coating thickness, particularly with thin coatings over

large surface area (See section on "Recommended Future Work," p. 85).

Data corrected for coating thermal lag will therefore be increasingly

inaccurate as the magnitude of required corrections increase, and this

constitutes the basic upper frequency limitation imposed by coatings.

In addition to the signal attenuation, coating thermal lag shifts

the phase angle and slightly alters the wave shape of the substrate

signal. These factors can be important in certain special applications
(but not rms stress measurements).
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Infrared Signal Transmission Losses

Gaseous Media Attenuation. - It is desirable to place radiometric

sensors for infrared stress measurements relatively close to the test

parts for good spatial resolution of data. (See section on "Optical

Collection Parameters", p. 40). However, various minimum stand-off dis-

tances may be required because of geometric arrangement of test facili-

ties, size of surface area to be scanned, radiometric focal depth and

other considerations. Infrared stress radiation signals can be attenu-

ated during transmission through atmospheric air or gases within test
cells, altitude chambers or wind tunnels.

The primary atmospheric constituents are nitrogen and oxygen, which
do not significantly attenuate radiation in the near infrared wave lengths

of infrared stress signals. Water vapor and carbon dioxide are the im-

portant gases of the ground level atmosphere which can attenuate signals.

The concentrations of these gases vary in the atmosphere and in buildings
due to various factors.

The average carbon dioxide content of the atmosphere is 0.033 percent

by volume, and it is relatively constant (ref. 13, pp. 43-46). There is
some evidence that the average concentration has increased slightly (15%

in 50 years) due to burning of fossil fuels, and somewhat higher than

average concentrations can be encountered in cities due to this and other

industrial processes. The carbon dioxide concentration within occupied

buildings will normally be slightly higher than the atmosphere because of

human respiration products. The maximum recommended threshold limit in

ventilation practice is 5,000 parts per million by volume (ref. 19, p.

152). This is considered representative of an extreme maximum concentra-

tion unlikely to be exceeded during infrared stress measurements. Typical

normal carbon dioxide concentrations in the atmosphere and well ventilated

buildings do not exceed one-fifth of the above extreme maximum.

The water vapor content of the atmosphere varies greatly with climatic

condition and geographical location. Atmospheric dew points higher than
79°F (82°F wet bulb and 91OF dry bulb) are not encountered more than 30

hours per year anywhere in the continental United States and Canada (ref.

19, pp. 488-495). This dew point is considered representative of a

typical extreme atmospheric water vapor concentration unlikely to be ex-

ceeded during infrared stress measurements° Atmospheric humidities are
lower than this maximum most of the time (even for the most adverse lo-

cations and seasons), and humidities can be very low during cold weather.

Buildings with simple heating and ventilating systems will have nearly

the same inside humidity as the surrounding atmosphere. Buildings with
air conditioning systems will normally have interior dew points lower than

56°F (50 percent relative humidity at 75 ° to 76 ° F air temperature) be-

cause of the dehumidification associated with the refrigeration (ref. 19,

P. 494). Buildings with humidification equipment normally have sufficient
water vapor addition to keep the interior dew point at approximately 56°F

when atmospheric dew points are lower than this. Typical normal water
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Sapor concentrations do not exceed one-half of the above extreme maximum
except in the atmosphere and buildings without air conditioning during
humid weather periods.

A stand-off distance of i000 centimeters is considered a typical maxi-
mumunlikely to be frequently exceeded in infrared stress measurements.
The primary gaseous attenuation factors at this distance are 5 atmosphere
centimeters of carbon dioxide and 0.025 precipitable centimeters of water
vapor for the extreme maximumconcentrations (5000 parts per million and 79°F
dewpoint, respectively). Atmospheric transmittance data are available in
terms of these primary factors for various atmospheric pressures and tem-
peratures (ref. 20 and 21). For ground level infrared stress measurement
applications, the atmospheric pressure and temperature effects on trans-
mittance will be small comparedwith the carbon dioxide and water vapor
concentration effects. The transmittance data for one atmosphere pressure
and 300°K temperature were therefore used to evaluate atmospheric signal
attenuation (ref. 13, pp. 74-87)°

Both atmospheric transmittance and emitted infrared signal magnitudes
vary with wave length. The spectral distribution of emitted signals is
primarily a function of test part temperature. (See section on "Infrared
Signal Magnitudes", p. ll). For a gray body test part surface at a
given temperature, this distribution can be defined in terms of a relative
emitted signal, which is the ratio of spectral signal radiance parameter
and the maximumsignal parameter for any wave length. The transmitted
signal spectral distribution can then be computedas the product of emitted
signal ratio and atmospheric transmittance. Evaluations of this type were
carried out for 306 and lO00°K test part temperatures. The atmospheric
signal attenuation was found to be significant in certain wave length
regions at the extreme conditions assumedfor the evaluations (fig. 6).
However, the overall atmospheric attenuation is relatively small with
stand-off distances less than lO00 centimeters (under the most adverse
atmospheric conditions).

Transmission of infrared signals within test facilities (such as
wind tunnels, altitude chambers, and test cells) can involve different
gaseous attenuation considerations than the atmosphere. Enclosed test
facilities can contain gases of different composition, pressure, and
temperature than the atmosphere. Transmission path lengths in test
facilities can be limited by test space configuration and operational
constraints not encountered in atmospheric testing.

Most test facilities employ atmospheric air, but the composition,
pressure, and temperature are sometimes altered in the facility test
spaces. The gaseous transmittance in altitude chamberswill be higher
than atmospheric transmittance because of the sub-atmospheric pressures.
The gaseous transmittance in conventional high speedwind tunnels will be
higher than atmospheric transmittance because of the dehumidification
(and heating) normally employed. In general, the gaseous transmittance
within test facilities employing atmospheric air will be equal to or
higher than atmospheric transmittance° Signal losses in these types of
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fac'ilities will therefore tend to be less than atmospheric losses (fig.

6), particularly with the typically shorter transmission path lengths.

The discussion above is not valid for facilities employing air (or nitro-

gen) at very high temperatures (such as electric arc and shock compression

heating above lO00°K). Dissociation alters gas compositions at high tem-

peratures, and the infrared transmittance criteria considered herein would

not be applicable.

The attenuation of infrared stress signals by common gases will be

small for most test applications of interest. Gaseous attenuation can

la_!ally be _gIActed in ev_1__uating the stress _ .... . _,_ _

applications, but it should be accounted for during calibration to assure

valid interpretation of radiometric data in terms of stress. (See section

on "Instrumentation System Methodology", p. 87 ).

Pressure Barrier Window Attenuation. - Although interior radiometric

sensors are practical for some test facilities, windows and external sen-

sors are desirable or necessary for many facilities. Pressure barrier

windows are a means of avoiding aerodynamic flow disturbances by sensors

in wind tunnels and isolating sensors from hostile environments, such as

acoustic noise and heat. Most test facilities have glass windows for

visual observation, photographic data acquisition, schlieren studies,
and/or other purposes. Common glasses transmit optical and near infrared

radiation, but they strongly attenuate wave lengths greater than approxi-
mately 2.7 microns. Certain modified glasses transmit moderately longer

wave lengths, but other materials are necessary to achieve large spectral

transmission ranges.

Glass windows would be adequate for certain test applications, such as

measurement of high temperature signals with detectors sensitive to short

infrared wave lengths. Infrared window materials will usually be necessary

for transmission of the longer wave length signals from test parts near

room temperature. In addition to being more costly than glasses, the
infrared materials are limited relative to maximum available size (although

larger sizes are likely to be available in the future). Because of this,

multipane infrared windows are likely to be required for large radiometric

apertures. A large number of materials transmit infrared radiation, but

few of these have suitable strength and other physical properties for
windows.

Four materials with different spectral transmittance ranges have been

selected for this study on the basis of their general suitability as pres-
sure barrier windows. (See appendix on "Window Design Analysis", p. 130).

Crown glass is the material widely employed for schlieren and other opti-

cal windows, and its infrared transmittance is typical of that for common

glasses° Modified glass (Coming Glass Works designation Cortran TM 9753)

has infrared transmittance typical of the maximum spectral range currently

feasible with glass. Polycrystalline magnesium fluoride (Eastman Kodak

Company designation Irtran l) is superior to glass in strength and spectral

transmittance range, but it is relativelF costly and is limited in maximum

available size° Polycrystalline zinc selenide (Eastman Kodak Company
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designation Irtran 4) is superior to magnesiumfluoride in spectral trans-
mission range, but it is less favorable relative to strength, cost, and
maximumavailable size. Since window transmittance is a function of
thickness, material strength is a factor in the attainable window trans-
mittance.

Roundwindows are most directly compatible with radiometric collection
mirrors, but square or rectangular windows may sometimesbe desirable for
multipane installations or for adaption to existing facility window frames.
The maximumstress in a pressure barrier window is primarily a function of
differential pressure and window dimensions. (See appendix on "Window
Design Analysis", p • 131). Neglecting the secondary effects of variation
in Poisson' s ratio, the relation

ow _ 0.3055AP(Dw/tw)2

defines maximumstress for round windows. Based on a conservative (tenfold)
factor of safety relative to modulus of rupture, the above equation yields
specific thickness criteria for round windows of various materials (fig. 7).
Actual applications maynot require this factor of safety and may involve
manyother detailed considerations, such as deflection criteria (Appendix F).

Test data were available on the refractive index and the spectral
transmittance for somethicknesses of the selected materials (ref. 22-27).
The theoretical relations for radiation interface reflection (at normal
incidence) and transmission through solids (ref. 15, pp. 23A-236) were ap-
plied with the test data to estimate window transmittance as a function of
wave length (fig. 8). The transmittance of zinc selenide can (and frequently
should) be increased somewhatin a selected spectral range with anti-
reflection coatings (not appropriate for the other materials). Neglecting
attenuation by gaseous media, the signal radiance at a radiometer aperture
is expressed by the relation

AN12_ TI(ANII)

in terms of window transmittance and emitted signal radiance.

32



!_umAvailable Sizes (1967)

Zinc selenide: - _ --

- tw = 1.27 cm (1/2 in.) _] I /___

- Dw = 15.2A cm (6 in.) -- Crown Glass and

_ _ Magnesium fluoride: _ Zinc Selenide__

_ tw : 2.5& cm (i in.) | I I I l_/M°afie_/_I I I lJ

_o- Dw = 20.32 cm (8 in.)_----___

.03.

100 1000

Differential Pressure, (AP), lb./in. 2

Figure 7. - Typical thickness criteria for tenfold factor of

safety with round pressure barrier windows
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Radiometric Instrumentation Performance

Optical Collection.- An infrared radiometer collects signal
radiation from the test part and concentrates this energy on a
detector. Various types and arrangements of componentscan be
employedto collect radiation, but all collection systems involve
the samebasic performance considerations. Radiometer signal-to-
noise ratio is normally a compromiserelative to the attainable
spatial resolution (instantaneous field of view) as well as the
optical collection system size (and cost). However, the ultimate
attainable signal-to-noise ratio and spatial resolution are limited
by certain other unavoidable aspects of optical collection systems.

The wave length range useful for infrared detection is relatively
large, and refractive optics are seldom employedbecause of trans-
mission and chromatic aberration difficulties with available lense
materials. The principal use of infrared lenses has been for immer-

sion of detectors to improve their performance rather than for the

primary radiometer optical collection function. Various types of
reflective optics can be used, the important differences being in

the focal plane (detector) location (ref. 13, pp. 219-222). Although

other systems may be desirable for special test applications, the

Cassegrainian system is most frequently used because of its compact-

ness. This system employs a convex secondary mirror to concentrically

fold rays from a concave primary mirror so that the collected radiation

is concentrated on a detector behind the center of the primary mirror.

The blockage by the secondary mirror is usually relatively high, but

the component arrangement is convenient from the standpoint of fabri-

cation, assemb]@_ alignment and other factors. The Cassegrainian

nuirrors can be shaped for optimum optical collection at a selected

stand-off distance, and it is normally focused for other distances

by movement of the secondary mirror along the optical axis (with some

resulting focal losses). Radiometer scanning is usually achieved by

a movable flat mirror outside the collection system aperture. Different

radiometers have some differences in blockage, reflecbance, and focal

losses, but the aperture diameter and optical focal length are the

primary factors defining the basic performance for any optical collection
system. Radiometers for infrared stress measurements would normally

employ detectors with square sensitive areas to achieve a desirable
(and practical) radiometric field of view.

The signal-to-noise ratio of an infrared detector is proportional
to the ratio of the total signal power incident on-the detector and

the square root of detector area. (See section on "Infrared Detection",

P. A3). The signal power collected and concentrated on the detector of

a radiometer is equal to the product of the signal radiance incident at

the radiometer aperture, the aperture area, the radiometric solid

angular field, and the overall optical efficiency factor. The plane
anglar dimensions of the radiometric solid angular field are propor-

tional to the detector linear dimensions and inversely proportion_] t_
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the optical collection system focal length.
the above considerations yield the relations

For a square detector,

APx3 = (AN k2) (0.25_Do2) (_o/i000)2 (no)

% - zooA, a/fo

(_P),31,/Fd)= (noKoDo2) (AN),2)

Ko = (0.25_¢o1104fo)

which contain dimensional constants applicable to the conventional

units convenient for infrared radiometric technology. These re-

lations indicate that signal-to-noise ratio is directly proportional

to the optical collection system efficiency factor, the aperture

diameter squared, and a geometric optical function Ko involving the
angular field of view.

Although large angular fields are desirable for high signal-to-noise

ratios, small angular fields are desirable for favorable data spatial
resolution (small instanteous fields of view on test parts). The

minimum feasible angular field can be limited by diffraction of the

infrared waves (ref. 13, pp. 212-216). The limit is a function of

aperture diameter, and is defined by the relation

¢o = (1"221Do)

for a typical (ten micron) wave length of infrared radiation. The

above relation would be approximately correct for detection of room
temperature signal radiance with detectors of flat spectral response,

and it would define more critical limits than actually exist for shorter

wave length cases. However, the minimum feasible infrared detector

size also imposes a limit on minimum angular field (fig. 9), and this

will usually be more important than the diffraction limit. Angular

fields larger than feasible minimums may be desirable for improved

signal-to-noise ratios when the resultant compromises of spatial re-

solution are acceptable.
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collection systems of radiometers

For any specific angular field, the smallest attainable field of view

on a surface is a function of the distance between the radiometer

and the surface. The size of this minimum field (for small angles)

is defined by the relation

S O = Lo¢o/IO00

which is applicable for the plane perpendicular to the optical axis
at which the optics are focused. This relation would define effective
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field of view on a test part surface if the surface was at the external

radiometric focal plane. Actual radiometers do not usually have sharp
uniform fields of view (because of minor optical diffraction and/or

detector sensitivity variations). The effective field of view is

commonly defined as the area in which the signal response is greater

than half the peak value. However, the exact effective area is not

important compared with field of view size changes due to other
factors.

Scanning of contoured test part surfaces will be desirable for many
infrared stress measurement applications. The scanning is usually

achieved by angular motions of the optical axis. The instantancous

viewing angle and stand-off distance then vary for both flat and

contoured test parts. A complex focal adjustment device would be

necessary to maintain exact radiometric focus during scanning, and

it will usually be desirable to employ a fixed focal adjustment.

The maximum instanteous field of view on the test part surface

will therefore be larger than at the external focal plane due to both

angular and de-focusing effects.

Signal radiance magnitudes would not be significantly altered by
relatively large variations of viewing angle. (See section on "Infra-

red Radiation Signal Magnitude", pp. 9-10). The field of view on

the test part surface varies inversely with the cosine of deviation

_in viewing angl 9 from perpendicular to the surface. The angular
effects on the spatial resolution of infrared stress data will there-

fore be relatively small for viewing angles of primary interest in

measurements (less than 30 percent change in resolution for viewing

angles less than 45 degrees from perpendicular). The de-focusing

effects on data resolution can be greater than the angular effects,
and the optical field depth can be an important parameter in radio-

metric performance. If a radiometer is adjusted for an external focal

plane distance Lo equal to the average test part stand-off distance,

the required optical field depth ALe will be the total variation of

instantaneous stand-off distance involved with the scanning application.

Neglecting certain secondary effects, the maximum increase of test part

surface field of view can be defined by the relation

(Sxy - s o ) = (ALo/2)(Do/Lo)

which is a linear function of radiometric aperture diameter. With

the expression for focal plane size shown above, the size of the

field of view on the test part surface is defined by the relation

Sxy - (Lo¢o/lO00) + (ALoDo/2L o)
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in terms of the angular field of view. This relation indicates that

a required spatial resolution and depth of field can be obtained with

various combinations of stand-off distance and angular field of view

for a given aperture diameter.

It is normally desirable to optimize radiometric signal-to-noise

ratio to the degree feasible within the constraints of the required

spatial resolution (and possibly other factors). For a given focal

length, signal-to-noise ratio is proportional to angular field of

view (fig. 9.). For a given optical collection system (diameter and
focal length), signal-to-noise ratio is therefore proportional to

the angular field relation

_o = (lO00/Lo)(Sxy) - (500 Do/Lo2)(ALo )

in terms of required spatial resolution and depth of field. By

setting the derivative of the angular field relation (with respect

to stand-off distance) equal to zero, the relations

d__._q= _ (1000/Lo2) (Sxy) + (I000 Do/Lo 3) (ALo)
dLo

Lot = DobLo/Sxy

define a reference stand-off distance at which maximum signal-to-noise

ratio would be obtained. Substitution in the angular field equation

yields the relation

_or = 500 Sxy2/DoALo

defining a reference maximum field of view (within the constraints

of required resolution and depth of field) attainable at the reference

stand-off distance.

Small fields of view on test parts can be obtained with small angular

fields and short stand-off distances, but the depths of optical fields

also tend to be small under these conditions (fig. 10). Any specific

aperture diameter, depth of field and maximum field of view on a test
part surface defines a specific reference angular field and stand-off

distance at which maximum signal-to-noise ratio would be obtained.
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However, these specific reference parameters will not always fall
within the other constraints of test applications. The equations for
an arbitrary and the reference angular field yield the relation

(_o/_or) = 2(Lor/Lo) - (Lor/Lo)2

correlating ratios of angular fields and stand-off distances. Stand-

off distances less than the reference value can involve large signal
losses (fig. ll), but short stand-off distances would seldom be re-

quired in test applications. Stand-off distances greater than the

reference value involve relatively moderate signal losses and will

frequently be desirable when the test applications have minimum stand-

off distance constraints. However, the factors affecting minimum

angular field (detector size and diffraction) will impose other limits

on increases in stand-off distance feasible for a given spatial re-
solution criteria.

For a specific optical collection system focal length and aperture
diameter Do the geometric optical function Ko is defined in terms

of any selected spatial resolution and stand-off distance criteria

(fig. 9, 10, and ll). Signal-to-noise ratio is proportional to this

function, the aperture diameter squared, and the overall optical

efficiency factor no . Typical optical blockage losses are less than

25 percent (ref. 13, p. 222). Typical reflectance losses are less

than 30 percent with three mirrors (two for collection and one for

scanning), each having greater than 90 percent reflectivity (ref.

13, p. 220). Typical overall optical efficiency is therefore
greater than 50 percent for a radiometer used at stand-off distances

near that for which it was designed. Large focal losses can usually

be avoided by using stand-off distances within the design range of
the radiometer.

Infrared Detection. - Many materials can convert incident radiant

energy into electrical signals by various physical mechanisms (ref. 13,
PP. 123-IAO). All such materials also produce electrical noise due to

various physical mechanisms (ref. 15, pp. 2/+3-250). Signal-to-noise

ratio is the ultimate index of infrared detection performance, but this

cannot be directly defined for detection materials. Spectral specific

detectivity is the most useful parameter for the detection performance
of materials (ref. 13, pp. i_0-151 and ref. 15, pp. 276-277). This

parameter provides a fairly general index of spectral performance attain-

able with a material when employed in a specified manner. The effects

of detector operating frequency (on both signaland noise) can be

correlated independently of the spectral performance aspectso_The detector

area is a factor affecting signal-to-noise ratio, and the minimum feasible
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TABLE I.- IDENTIFICATION OF SELECTED DETECTORS

Material

Mode of operation
Minimum area, mm 2

Operating temp._ °K
C81_bration freq., Hz

PbS InSb-PV

photo cond. photo volt.

0.05 0.01

77 77
9O 9oo

Ge :Au Ge :Hg thermistor

photo cond. photo cond.bolometer
0.05 0.05 0.01

77 28 300

900 9O0 9O

l0 ll

I010

Z lo9

e-a

108

PbS

InSb-PV
I

180 deg. field of view

300"K background

_Ge :Hg
/

Ge:Au

Thermistor--

I I i i

0 5 i0 15

Wave length, (X),

Figure 12.- Spectral response of selected detectors
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Figure 13.- Frequency effects for selected detectors
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area for a given material usually imposes a limitation on attainable
spatial resolution.

Common detector materials with diverse spectral response ranges

were selected for the infrared stress application range study (Table I

and fig. 12). The performance shown is for unimmersed detectors of

production quality, and the performance is exactly applicable

only for the specific selected time constant, field of view, chopping
frequency, and other factors. (See section on "Infrared Detector

Analysis", p. 120). The spectral performance of the selected detectors

ranges from that for lead sulfide (FoS), which responds only in the

short wave lengths, to that for the thermistor (or thermal) detector,

which responds in all wave lengths. Indium antimonide (InSb-PV)

responds to somewhat longer wave lengths than FbS. Gold activated

germanium (Ge:Au) has the broadest spectral response of the detectors

operating at 77°K (liquid nitrogen temperature). Mercury activated

germanium (Ge:Hg) responds to relatively long wave lengths, but requires

cooling to 28°K. Detectors responding to longer wave lengths (such as

copper activated germanium at 10°K) are available (See section on

"Infrared Detector Analysis", p. 121). Detector selection was based

partly on the fact that many existing commercial radiometers have FbS,

InSb, and thermistor detectors, which might be applied for infrared
stress measurements.

Detectivities are applicable to specific chopping frequencies

(Table I), and there are frequency effects on detector signals and

noise (fig. 13). These effects can be combined to define a detector

signal ratio nd which is representative of the frequency effects on

detectivity (fig. l_).

g
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b-P " r Conditions

•ge:l_" _90 Ilz Chgpp[n _
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i I
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I I • _ I I
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Frequency, Hz

Figure l_.- Frequency effects on detectivity
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Electrical signal is proportional to the product of detectivity

and signal power irradiating the detector. Since both detectivity

and signal irradiation usually vary with wave length, the total

electrical signal is defined by the integral of the spectral values

over the full range of wave lengths. Electrical noise (as normalized

in the specific detectivity parameter) is proportional to the square

root of detector area and electronic filter band width. These con-

siderations yield the relation

(Vs/VN) -- _ (D_r)(API31 A_) dX

in terms of the symbols identified herein (Ref. 13, p. 603). This

conveniently separates the effects of electronic filtering, detector

operating frequency, and infrared signal spectral detection.

The signal power irradiating a detector is defined by the relation

(APx3//'Ad) ,, (noKoDo 2) (ANx2)

(See section on "Optical Collection" p. 36). The radiometer aperture

signal radiance is defined by the relation

AN12 = (TI) (AN11)

(See Section on "Pressure Barrier Window Attenuation, p. 32). The

signal radiance emitted from a test part is defined by the relation

ANxl = (ANXl/ x o) o) (n)P

(See Section on "Test Part Signal Generation", pp. lO, 16, 21, 25 and

26). These considerations yield the relations

!

(Vs/VN) = C(KM) (noKoDo 2) (npnd) (Vxr)/A/_-

'7VXr = (D_r)(TI)(EI)(ANII/EIK M c)dl
O

in terms of the appropriate infrared stress measurement parameters. The

nd.n_mum detectable stress is defined by the relation

!

o* = _/ZTI(KM) (rloKoDo 2) (npn d) (Vlr)
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for which the signal-to-noise ratio is unity. The detectable stress limit

is therefore dependent on the integrated spectral response of the detector

to the radiant signal and several other factors related to the specific

infrared stress measurement application.

!

The integrated spectral signal-to-noise ratio parameter Vkr includes

four quantities, and certain combinations of these quantities define differ-

ent types of infrared stress measurement limits. The most important combi-
nation is the signal radiance parameter (AN_I/_K M a) and specific detecti-

vity D_r because the detector must have adequate response to the wave

lengths in which there are significant test part signal emissions (fig. i

and 12). If a pressure barrier_Findow is necessary for the test appli-

cation, the window transmittance becomes an important additional

quantity because the window must transmit in the spectral range of the

radiant signals (fig. 8). The test part emissivity is more important

relative to general magnitude (in a range from nearly zero to nearly

unity) than exact spectral variations. For a surface with gray body

emissivity characteristics, the spectral integral can be simplified
to the relation

(V_r/{k) - Z (D_r)(Tk)(ANkI/ekKM_) dk

in which the three most important spectral quantities are integrated

versus wave length. Window spectral transmittance ranges are depend-

ent primarily on the material, but are also affected by window thick-

ness. The integral can be evaluated for combinations of windows and

detectors as a function of the test part temperature effects on

signal radiance emission parameter (fig. 17).

It is usually desirable to apply high emissivity coatings on

the surfaces of test parts for infrared stress measurements. Such

coatings have approximately gray body properties in the infrared

spectral range of interest (small variations of emissivity with wave

length). Uncoated metals have relatively low emissivities that va_j

more significantly with wave length (fig. 18). An average emissivity

E_ for the wave length range most important in the specific appli-

cation provides adequate definition of the detectable stress limit.

Exact emissivity (over a large test part surface area) is important

for the interpretation of radiometer signal data in teens of test

part stress. (See section on "Instrumentation System Methodology",

p. 63).

45



Instrumentation System Methodology J

Signal Emission Frequency Ranges.- The frequency effects on infrared stress
signal emission can be evaluated on the basis of test application require-

ments (fig. 15). For ranges with unity signal ratio, no signal emission

roll-offs will be encountered. If the application requirements include

frequencies in roll-off ranges, data can be left uncorrected if the
resultant errors are acceptable, and data can be corrected for improved

accuracy in some cases. Substrate conduction can be corrected for over a

relatively large range of signal ratios if a known proportion of stress arises
from bending (or if the test part is known to undergo pure bending). Lateral

conductance corrections are generally not practical without an auxiliary

sensor or analog device. Environmental heat transfer can be corrected for

only at relatively high signal ratios, the correction accuracy being

generally limited by uncertainties in heat transfer coefficients. Coating

thermal response can be corrected for only at relatively high signal ratios

the correction accuracy being generally limited by uncertainties in coating

thicknesses. If severe frequency roll-off limitations are encountered, it

may be desirable to consider alternate approaches relative to the test part,

such as material, scale, or other factors affecting the sources of the

frequency limitations. The above procedures yield test part signal attenuation

n as a function of frequency f.
P

TABLE II. - TYPIC_ TEST PART PROPERTI_

(From ref. 28)

Properties

Conductivity (k)

Density (0)

Mass specific heat (c)

Diffusivity(ap= k/0c )
Vol. specific heat (0¢)

Units

W/°Kcm

g/cm3
J/°Kg

cm2/se_
J/°Kcm2

Materials

Magnesium
(AZ31B)

0.967
1.775

1.048

0.52
1.86

Aluminum

(7075)
1.315
2.80

0.965

0.49

2.70

Steel

(413o)
0.380
7.84

0.479

0 .lO

3.76

Titanium

(6AL-4V)
o.o656

4.44
o.567

0.026

2.52

TABLE III.- TYPICAL COATING PROPE_TL_

Properties

Diffuseness

Emissivity
Signal

factor (Cc )

Black Velvet
Coatings

Units (101-CIO)
4 mils 3 mils 2mils a

- high

- highest

sec 0.019 0.0102 0.0046

Black Enamel

(Q36K802)

O. 9 mil 0.7 mill O. 5 mill o.3 mil_
unknown

high

0.0024 0.0015 0.00075 0.00027

aThinnest coating practical to apply (Appendix B).

bThinnest coating opaque to infrared (Appendix C).

46



.j

nz = signal ratio, dimensionless

f freguency, Hz
Cz : (tpZ/Up), see

tp = part thickness, cm

Up = part diffusivity,

(Table II), cm2/sec
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The thermoelastic temperature increments in the signal radiance

parameter are based on adiabatic material elements. The test part
surface material within the instantaneous radiometer field of view can

be considered adiabatic if there is no significant heat transfer to or

from that material element during the period of stress oscillation

producing the signal. When the test part motions produce oscillating

bending stresses, thermoelastic energy conversion will vary with depth
below the surface, and there can be significant heat exchange by con-

duction between the surface element and the deeper substrate. When

the test part oscillating surface stress distribution has gradients in
magnitude, thermoelastic energy conversion will not be the same in all

areas of the surface, and there can be significant heat exchange by
conduction between the material element within the radiometer field of

view and the laterally adjacent portions of the test part. When the

test part stress oscillation produces surface temperature oscillation

by thermoelastic energy conversion, there can be significant heat ex-

change by radiation and convection between surface material elements

and their environment. These three possible types of heat exchange

impose different limitations on the lower limits of test frequencies.

(See sections on "Substrate Conduction", "Lateral Conduction", and

"Environmental Radiation and Convection", pp. 16, 20, and 2_).

The thermoelastic temperature increments in the signal radiance

parameter are those which would be produced in the structural metals

of test parts, and the signal radiance magnitudes are a direct function

of test part surface emissivity. Metals typically have low emissi-

vities which cannot be accurately predicted because of surface effects,

such as oxidation and corrosion. High emissivities of known magnitudes

can be obtained by applying certain coatings to test parts, and this

tends to improve infrared stress data accuracy in several respects.

The primary improvements are more accurate radiometric sensing (higher

signal-to-noise ratio with higher emissivity) and more accurate data

reduction (lower signal-to-stress conversion errors with lower unknown

emissivity variations). Coatings also improve the diffuseness of test

part radiation and the suppression of spurious environmental radiation

(by reducing reflection from the test part into the radiometer). This

may be important, particularly for room temperature test parts, k

coating may impose testing temperature limitations if its thermal degrada-
tion threshold is more critical than the substrate metal, but the coating

advantages are least important at elevated temperatures. A coating

may reduce the useful frequency range of accurate measurements in two

respects. High emissivity coating radiation to its environment may

limit the lower frequency portion of the range. (See section on

"Environmental Radiation and Convection", p. 22). This will usually

be less important than the coating advantages. Coating thermal lag

relative to its substrate may significantly limit the upper frequency
portion of the range. (See section on "Coating Thermal Response", p. 26).

Techniques to measure coating thickness and correct for coating thermal

lag are required to achieve ultimate accuracies at high frequencies.
(See section on "Recommended Future _fork", p. 85).
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Spectral Detection Factors. - The spectral aspects of signals, windows,
and detectors are the most important factors relative to infrared stress
detectability. Pressure barrier window thickness requirements can be
evaluated on the basis of window diameter, material and differential pressure
for test applications (fig. 16). The integral spectral effects of test part
temperature can be evaluated for combinations of windows and detectors
(fig. 17). The average surface emissivity can be evaluated for the test
part surface of the application (fig. 18). If the integral spectral factors
are excessively 1_nfavcrable with an _.xis+__g +_+ _ _ I _+y i.__w f_ _II
types of detectors), a window of different material may have to be installed

to achieve desired stress detectability levels. Since window size imposes a

limit on the radiometer aperture diameter, the stress detectivity for a given
pressure barrier window material will vary with the window size as well as

the thickness required for pressure integrity. The aperture diameter and

t_q0e of detector can also impose non-spectral limitations on stress detectiv-

ity, spatial resolution, and depth of optical field, but these are usually

less important than the spectral limitations. The above procedures yield
the integrated parameter of the relation

! !

which is indicative of signal-to-noise ratio in terms of all spectral factors.

The detector material defines a minimumdetector area Ad, and the window size

Dw defines a maximum aperture diameter Do.

o_
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of safety with round pressure barrier windows.
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Figure 17.- Spectral integrals for infrared stress detection
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Window losses can frequent-
ly be avoided by using an in-

ternal sensor when test facility
environments are not hostile to

the radiometer and the sensor

does not interfere with the

facility test simulation. (See

section on "Pressure Barrier

Window Attenuation", p. 31).

When a window is necessary,

its thickness should usually
be minimized. Factors of

safety less than ten are ade-

quate for most applications.
(See section on '_indow

Design Analysis", p. 130).

Large window pressure differen-

tials can usually be avoided by
enclosing the sensor (and

window) with a chamber controlled at nearly the same pressure as exists

within the test facility. The transmission loss of zinc selenide windows

can also be reduced by anti-reflection coatings peaked for an important
spectral wave length range. Specific applications may require careful

consideration of the above factors, window deflections and other aspects
of window design (Appendix F).

The performance data for specific detectors were used to compute the

signal integrals shown herein. (See section on "Infrared Detection",
PP. _2-_3). Spectral integrals for other detectors can be computed from

this type of performance data or estimated on the basis of approximate

performance differences relative to the specific detectors covered by

this study. The exact performance of an infrared detector is dependent

on many additional factors not included in the spectral integral

computations. (See section on "Infrared Detector Analysis", p. 120).

Individual detectors selected from production lots can usually be obtained

at added cost, and their performance would be superior to that indicated
herein for typical production detectors. Thermistor and lead sulfide

detectors can be obtained with different time constants, and this affects

detectivity as well as frequency response. Immersed detectors employ an

integral lense to concentrate more signal energy on the detector material

than would normally be obtained. The typical result of this is approxi-

mately three times the unimmersed detectivity and double the unimmersed

plane angular field of view. Specific applications may require careful

consideration of many aspects of detection performance (Appendix E).

Spectral emissivities are shown for polished uncoated metals. The

emissivities of metals vary considerably with surface condition. (See

section on "Signal Emission Frequency Ranges, p. _8).
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Optical Collection Factors• - The improvement of signal strength

by optical collection is a compromise relative to attainable spatial

resolution, depth of optical field, and stand-off distance. The geo-
metric aspects of signal gains can be evaluated relative to angular

field of view (fig. 19). The spatial resolution and depth of optical

field can be evaluated relative to angular field of view and stand-

off distance (fig. 20). Specific test applications can involve con-

straints on the stand-off distance for a test facility and the aper-

ture diameter, focal length, and/or detector area for radiometric

equipment. Any combination of test application constraints can be
applied to evaluation of geometric aspects of optical collection

systems. When combined with a known optical collection system

efficiency no, the above procedures yield the optical gain parameter

(noKoDo z) and data spatial resolution Sxy for test applications.
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The angular field ¢o (Figure 19) is for unimmersed detectors.

The angular field and detectivity of immersed detectors can be

estimated from the immersion lense characteristics. (See section

on "Spectral Detection Factors", p. 55).

A typical radiometer has an optical efficiency no of approxi-
mately 50 percent when focal losses are small. (See section on

"Optical Collection", p. 41). However, focal losses can be
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significant whena radiometer is used at stand-off distances
greatly different than that for which it was designed. Many radio-
meters are designed for infinity stand-off distance (to avoid a
maximnmdistance limit), but focal losses are then likely to be
significant in the lO0 to lO00 centimeter stand-off distance range
most important for infrared stress measurements. Optical collec-
tion system mirrors can be optimized for finite stand-off dis-
tances important to specific applications, and focal losses are
relatively small for a range of stand-off distances near the
design optimum.

Spatial resolution is a function of required optical field
depth Sxy (and other factors) whena surface is scannedwith a
fixed radiometer focal adjustment (fig. 20). The variations of
instantaneous stand-off distance due to the angular scan motion of
the radiometer axis is usually the major consideration relative to
required optical field depth, but vibrating test part motions can
also affect the required depth of optical field. Suchmotions can
have an additional adverse effect on spatial resolution when there
is a motion componentperpendicular to the radiometer axis because
data aqulsition is then from a surface area larger than the max-
inmminstantaneous field of view size sxy. The factors discussed
above may impose absolute (practical) limits on attainable spatial
resolution for certain surface areas of specific test parts, but
special scanning techniques can alleviate such limits in some
cases. Multiple scans with various fixed focal adjustments pro-
vides improved spatial resolution at various discrete stand-off
distances. Various (more favorable) test part viewing angles can
sometimesbe obtained by moving the radiometer, using more than one
radiometer, or reflecting infrared signals with flat mirrors. Data
on instantaneous location of surface field of view during scanning
of moving parts can usually be obtained by applying a grid on the
test part of different emissivity than the remainder of the test
part surface.

Whenangular motion and stress oscillation of a test part
occur at the samefrequency, a non-uniform radiation environment can
produce spurious signals• (See section on "Infrared Stress Measure-
ment Experiments", p. llS). This type of motion and stress oscilla-
tion is usually obtained with vibrating test parts for which in-
frared stress measurementsare desirable. A high emissivity (low
reflectivity) coating on the test part tends to directly suppress
environmental radiation incident on the test part surface. The
suppression is most effective if the coating is highly diffuse
(rather than specular) because angular motion of a diffuse surface
in a non-uniform radiation environment produces relatively small
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changes of reflected energy in any one direction (except grazing
angles). Of two available high emissivity coatings, black velvet
has higher emissivity, and it probably is a more diffuse radiator,
but it is limited relative to thermal response. (See section on
"Coating ResponseExperiments", p.lOl). The other coating
(black enamel) has faster response and nearly the sameemissivity,
but it probably is a more specular radiator than black velvet.
Application of black velvet to test parts may suppress environ-
ment reflection more effectively than black enamelwhen the
resultant upper frequency limitations are acceptable. (See
section on "Signal Emission Frequency Ranges", pp. _6-_7). In
addition to direct suppression of reflection by coatings on test
parts, non-uniformities in radiation environments can be reduced
with diffuse high emissivity coatings. The most important radia-
tion environment is that which would reflect radiation directly
into the radiometer (the area around the radiometer aperture
for viewing angles nearly perpendicular to test part surfaces).
The degree of spurious signal suppression feasible by applying
high emissivity coatings (as discussed above) is unknown. More
exact techniques are required to achieve ultimate infrared stress
reliability and accuracy with moving test parts. (See section on
"RecommendedFuture Work", p. 85).
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Signal Processin_ Factors.- Detector frequency effects and

electronic bandwidth are the two signal processing factors most

important relative to the detectable stress for specific test

applications. The detector signal ratio can be evaluated for the

frequency of radiant signal oscillation at the detector (fig. 21).

At high test part stress oscillation frequencies, the detectors with

low time constants are favorable. With low test part oscillation

frequencies, it may be desirable to optically chop the radiant signal

to improve the detector performance. It is usually necessary to use

chopping at very low frequencies because of the difficulties with low

frequency (or direct current) amplification.
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Figure 21. - Frequency effects for selected detectors

Narrow electronic bandwidths are desirable for filtering detector

noise which would otherwise be present in the radiometer output signal.

For non-scanning steady-state measurements, bandwidths approaching one

hertz can be considered, but bandwidths less than two hertz require

very complex techniques, and a typical standard wave analyzer might

have a bandwidth of approximately 3.5 hertz (See section on "Infrared

Stress Measurement Experiments," p. iii). Narrow bandwidth filters

respond slowly to changes of signal magnitude, and are not desirable

for transient signals which might be obtained from changes in test part

stresses or rapid surface scanning. The bandwidth af is therefore

normally a compromise relative to various aspects of the test application.

An adjustable bandwidth is practical, and this would be desirable for

infrared stress measurements. It would permit rapid scanning (with wide

bandwidths) to map surface stress fields and more accurate non-scanning

measurements (with narrow bandwidths) at selected test part surface
locations.
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Data Reduction. - Thermoelastic constants are dependent on the

material of which the test part is composed. Values defined by
thermoelastic experiments are available for comaon structural metals

(Table IV). Values for other materials can be computed from the

thermoelastic theory (pp. 8). The thermoelastic constant KM yields
the detectable stress of the relation

!

* ¢_/(K M) (noKoDo2) (npn d) (Vxr)O --

when combined with previously defined factors (pp. h6, hg, 56, and

60). For a magnitude of measured stress a, the signal-to-noise ratio
of the relation

(Vs/V s) = (_/_*)

defines an ultimate accuracy limit for infrared stress instrumentation.

TABLE IV.- TYPICAL THERMOELASTIC CONSTANTS

FOR STRUCTURAL METALS

(From Appendix A)

Materials

Steel (h130)

Titanium (6AL-hV)

Aluminum (7075)

Magnesium (AZ31B)

Thermoelastic constants, (KM)

cm2/Nin2/ib

2.22 x 10-8

2.70

6.65

9.90

3.22 x 10 -8

3.91

9.65

ih.37

Approximate

variations,
± %a

6.h

6.7

h.5

1.5

a

probable approximate variation for stresses less than 75 percent

of yield strength with 299 to 368°K temperatures.

Certain types of test measurements can be made with detection

threshold signal-to-noise ratios (as low as 2 or 3). Qualitative

data of this type could be used to define instantaneous spatial

stress nodes in vibrating parts and to study non-catastropic crack

propagation patterns with time in fatigue test parts. However,

quantitative stress data are desirable for most test applications,
and data reduction factors (as well as signal-to-noise ratios) are

then important.
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The thermoelastic constants of structural metals vary significantly
with stress and temperature level (Table IV). If these variations are

acceptable in terms of desired data accuracy, the average thermoelastic

constants can be applied in data reduction, and the additional accuracy

considerations are then signal-to-nolse ratio and several aspects of

the specific application. These include accuracy of information on

test part temperature level, test part surface emissivity, and trans-
mission losses for the specific application. Transmission losses (and

radiometer performance data) can be obtained for specific applications

with pre-test (external) optical chopping calibrations. If other

aspects of measurement accuracy are sufficiently favorable, some data
corrections for second order thermoelastic variations may be appropriate

(Appendix A, p. 95).

The accuracy of scanning infrared stress measurements can be

improved in another way when auxilliary single-point sensors can be

attached to the test part. The desirable sensors are a strain gage

rosette and thermocouple at a highly stressed point on the test part

within the radiometric scanning field. This yields a calibration at

the instrumentated point during each surface scan, and the calibration

canbe applied to improve the extensive spatial data acquired during
the scan. The calibration is a direct measurement of the radiometric

signal produced by a known stress at a known temperature level for the

specific test set-up. It includes the overall effects of the specific

test part material thermoelastic constant and surface emissivity, the

gaseous transmission losses for the specific stand-off distance and

gases, the specific facility window transmission losses, and the per-

formance of the specific radiometer being used. This calibration data

is superior to optical chopping calibration data from several different

aspects. Thermoelastic constant and emissivity data are obtained for

the specific test part. Gaseous transmission losses are evaluated

instantaneously during data scans (rather than by pre-test calibration)•

Data are acquired on actual test part temperature during data scan•

The data from single-point sensors on a test part are valuable as a
drift check and/or calibration correction even with other more accu-

rate calibration and data correction techniques (discussed below).

Thermoelastic constants have been measured for specific structural

metals (Appendix A). However, the available data were obtained with

only four test specimens. Thermoelastic constants for a specific alloy

could vary somewhat due to small differences in minor constituents,

heat treat level, rolling fabrication variables, and other factors.
Thermoelastic constants could be different for specific alloys of

the same general type. E_act thermoelastic constant data are not

available for many materials which might be required for test appli-
cations. It is therefore desirable to utilize a calibration which

incorporates the thermoelastic constant of the test part material for

the specific application. The single-point auxiliary sensors (dis-

cussed above) do this, but better definition of stress and temperature
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effects could be obtained by a pre-test absolute thermoelastic cali-

bration with a specimen of the test part material. (See section on

"Recommended Future Work, p. 8_.

The inclusion of surface emissivity in calibrations is primarily

for convenience, and it does not substantially improve scan data

accuracy. Uncoated metals are likely to have spatial variations in

emissivity which are not defined by a single-point calibration within

a scan field. For ultimate accuracy, high emissivity coatings can be

used, and the surface emissivity is then known. Coatings do impose

upper frequency testing limitations. (See section on "Signal Emission

Frequency Ranges", p. A8). However, these limitations could be

alleviated by improved methods of application and thickness measure-

ment for thin coatings. (See section on "Recommended Future Work",
P. 85).

Gaseous transmission losses can vary with the level of certain

minor constituents. (See section on "Gaseous Media Attenuation",

pp. 28-31). If the magnitudes of the losses are significant and

variations occur in important gaseous constituents, there can be

different gaseous transmission losses during pre-test calibrations

and various test scans for infrared stress data acquisition. The

single-point auxiliary sensors (discussed above) provide a means of

correcting the scan data for the actual gaseous losses that exist

during the scan. ASthough gaseous loss variations appear to be the
major source of signal drift with time, the single-point sensors

would also detect drift from other sources and/or instrumentation
malfunctions.

The temperature is important in the single-point auxiliary
sensors (discussed above) primarily for definition of the tempera-

ture applicable to the single point calibration signal. The

temperature sensor also provides some data on test part tempera-

ture level during test runs, but this data are not applicable to

the entire scan field unless the test part is isothermal. Test

part temperature gradients can be produced by vibration damping

heat generation, environmental transients, and other factors. Scan
data could be corrected for test part gradients by employing radio-

metric sensing of test part temperature levels. (See section on

"Recommended Future Work", p. 86 ).
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Typical Infrared Stress Application Ranges

The spatial resolution and detectable stress limits of test appli-

cations can be rapidly estimated with the tec_n_ology shown herein. (See

section "Instrumentation System Methodolgy", pp. 46-6A). Many types of
parametric studies could be made relative to overall infrared stress

measurement application ranges for the numerous alternate test appli-
cation and instrumentation conditions possible. It was considered de-

sirable to show some of the more important application range trends

herein. The intent was to emphasize those aspects of the infrared stress

measurement technique which impose the primary limitations on application
range s.

Spatial resolution trends were evaluated for a radiometer of

relatively large aperture diameter (20 cm) with 0.1, l, and lO milli-

radian assumed angular fields _o • The smallest angular field above

would be within the diffraction limit, but could be attained only with

small detector areas and/or long focal lengths (p. 56). The geometric
optical function Ke would therefore tend to smaller for the smaller

angular fields, and this indicates the signal losses typical for attain-
ing ultimate spatial resolution.

Spatial resolution can be evaluated in terms of the maximum size Sxy
of the radiometric field on the test part surface. This resolution is

dependent on the stand-off distance Le between the test part and radio-

meter and the optical field depth ALo (p. 57). The required optical
field depth is dependent on stand-off distance variations due to test

part motions and/or fixed-focus scanning factors (p. 58).

The overall spatial resolution trends show the importance of small

radiometric fields of view (fig. 22). There is an optimum stand-off

distance for any required radiometer and optical field depth which

yields the smallest field of view Sxy attainable on the test part. How-

ever, spatial resolution penalties are relatively small with moderate

variations of stand-off distance for any required optical field depth.

The most important test application factor relative to spatial resolution

is the required optical field depth. For large optical field depths,

best spatial resolution can only be obtained with small radiometric

angular fields at large stand-off distances. Radiometers with smaller

aperture diameters would be less critics] relative to optical field
depth (p. 57), but might be more critical relative to the diffraction

limit (p. 56). Smaller apertures would also yield lower signal outputs
(p. 55).

For an intermediate radiometric field of one milliradian, the

spatial resolution would vary from 0.02 to 0.63 centimeters for optical
field depths from O.01 to l0 centimeters (fig. 22). Detectable stress
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trends were evaluated for a radiometer with this spatial resolution cri-

teria and a typical focal length fo of 20 centimeters. The one milli-
radian field implies a detector area of 0.05 square millimeters, and is
not the minimum attainable with detectors in the selected radiometer

(p. 56). However, the above criteria and an assumed optical efficiency

no of 0.5 (p. 57) yield suitable parameters for evaluating typical
infrared stress detectability trends (Table V).

TABLE V. - SELECTED TYPICAL RADIOMETER AND WINDOW PARAMETERS
FOR DETECTABLE INFRARED TREND STRESS TREND STUDIES

Aperture diameter, Do, (selected), cm.
Focal length, fo,(selected),cm .... _i[;_ii_i;ii;i;iii_ ....20........ 20

Angular field of view, ¢o ,(selected), mrad ............................ 1

Detector area, Ad , (p. 56), mm 2........................ ........... 0.0_
Geometric optical function, Ko , (p. 56), sr/cm ................ A x lO-

Radiometer optical efficiency, no, (assumed), dimensionless ......... 0.5

Optical gain parameter, noKoDo 2 , cm sr ....................... 8 x lO-A

Window diameter, Dw, (assumed), cm ................................... 25
Window differential pressure, A_ (selected), lb/in. 2.................15

Window factor of safety, (assumed), dimensionless ..................... I0

When windows are required, they must be somewhat larger than the

radiometer aperture, and 25 cm was assumed as a window diameter

compatible with the 20 cm radiometer aperture diameter. Although

infrared window materials are not currently available in the 25 cm

d_ameter size, larger sizes of these materials are likely to be avail-
able in the future. Also the transmittance of a multiple pane window

(which could currently be used) is likely to be similar to that for a

single pane window because of the compensating differences in blockage

and thickness. Single pane construction was therefore assumed for all

window materials of the application range study to provide direct com-

parisons of materials. The window thickness required is a function of

design pressure differential and factor of safety (as well as the

window material strength properties). A 15 lb/in2 pressure differen-

tial AP (approximately one atmosphere) was selected for the applica-

tion range comparison computations. This is directly adequate for
evacuated altitude chambers and many other test facilities. It is

probably conservatively high for pressure controlled radiometer

enclosure chambers, which might be employed with high pressure test

facilities (p. 55). Although highly conservative, a tenfold factor

of safety was assumed to illustrate maximum window thickness trends

likely to be encountered. The above criteria yielded suitable para-

meters for evaluating window effects on infrared stress detectability
(Table V).
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The spectral factors relative to emitted signals, window
transmission, and detector response impose the most important limits
on detectable stress ranges. The spectral distribution of emitted
signals varies primarily with the test part temperature level and
secondarily with the spectral emissivity of the test part surface
(particularly for uncoated metals). The window transmittance varies

primarily with the type of material and secondarily with its thick-

ness. The detector spectral response varies primarily with the type

of detector employed. To evaluate the spectral aspects of infrared

stress detectability, all frequency effects were assumed to be

negligible.

For negligible frequency effects, the emitted signal ratio np
would be unity (p. &6). For the specific window design criteria

(Table V), the required thicknesses would be 1.80 cm for crown

glass and sinc selenide, 1.58 cm for modified glass, and 0.95 cm

for magnesium fluoride (P. &9). The spectral integral (V_r/_k)
can be evaluated at various temperatures for the five diversely

different detectors (pp. 50-5&). Surface emissivity _k can be

evaluated for uncoated and coated metals (P. 55), black enamel

being selected as the coating material on the basis of its suita-

bility for high temperatures and rapid thermal response. The above
!

procedures define the integrated parameter Vkr indicative of signal-
to-noise ratio in terms of all spectral factors (p. &9). For

negligible frequency effects, the detectivity ratio nd would be unity,
and the noise filter bandwidth Af can be normalized to one hertz

(p. 60). Detectable stresses e* can then be computed from the above
criteria and the thermoelastic constants KM for the materials (p. 61).

The detectable stresses without windows indicate strong trends
with test part temperature for the structural metals (uncoated or

coated) with various infrared detectors (fig. 23). Temperature

increases in the 300 to lOO0°K range make detectable stresses more

favorable by orders of magnitude, and detectable stresses are rela-

tively low for all detectors at high temperature. This indicates

that wide filter bandwidths could be used to achieve rapid surface
scanning and that radiometers smaller than selected herein (Table V)

would be useful for high test part temperatures. It also indicates

that high emissivity coatings on test parts would be less important

at high than at low test part temperatures. At room temperature,

high emissivity coatings, large radiometers, sophisticated detectors,

and relatively narrow filter bandwidths are likely to be required

for accurate infrared stress measurements. However, with the above

favorable conditions, the most suitable detector (mercury activated

germanium at 28vK) has a detectable stress limit of approximately

50 to 230 lb/in 2 at 300°K (fig. 23). This compares favorably with

the typical strain gage and photoelastic coating resolution of
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approximately 130 to 580 Ib/in 2 at 20 microinches per inch resolution

(ref. 29). It is likely that infrared stress measurements at room

temperature will be limited by other factors (such as environmental

reflection effects), but accuracies of the general magnitude typical
for conventional instrumentation are likely with the most sophisticated

infrared techniques. Infrared stress measurements are likely to be
more accurate than any conventional measurements at moderately elevated

temperatures.

The detectable stresses with windows showed the basic trends in

the relations between window materials, detectors, and test part

temperatures (fig. 2_). Ordinary optical glass (crown glass) can be

used for elevated test part temperatures only, and particular detectors

become practical for different temperature levels. Modified glass has
somewhat less critical attenuation of lower temperature test part

signals, and useful room temperature infrared stress data might some-
times be acquired through it with detectors having high response in

short wave lengths. Infrared window materials would be necessary to
obtain ultimate infrared stress accuracy at room temperature when

windows cannot be avoided. These materials do not impose large signal

transmission losses, but they are much more expensive than glasses and
are limited in maximum available size. The cost and size limitations

are more critical for zinc selenide than for magnesium fluoride and

zinc selenide would usually be most useful for detectors with longer

wave length peak response than those covered by this study (particularly

if an anti-reflection coating could be used on the window). Other

available materials transmitting in spectral ranges between magnesium

fluoride and zinc selenide could be considered for specific applications

(Appendix F).

The above radiometric limitations on infrared stress measurements

were based on no signal roll-offs due to test part oscillation frequency.

There are important infrared stress application range limits relative to

frequency, and these can be evaluated with the technology herein (pp.

_6-_8). It was considered desirable to com_ute typical frequency ranges

for coated room temperature test parts without windows (the most common

test application conditions). Although higher temperature test parts
would have more favorable detectable stresses (fig. 23 and 2_), there

would be only minor direct variations in signal roll-off frequencies

with temperature. The mercury activated germanium detector at 28°K

was selected for frequency roll-off analysis on the basis of its

favorable response with room temperature test parts, (fig. 23). Alumi-
num was selected as the test part material for coating roll-off computations

because it is a common structural material with a moderately high

thermoelastic constant (p. 61). The factors above define detectable

stresses in the absence of frequency effects for a typical radiometer

(Table V) by the procedures previously discussed (p. 68)
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The black enamel test part coating was selected for conductance

and environmental roll-off computations on the basis of its favorable

thermal response. Since these roll-offs are a function of the test

part structural material properties, computations were made for various

materials. For substrate conduction computations, test part thick-

nesses tp of O.1, l, and 10 cm were selected on the basis of a typical
range in which bending stresses may be significant. For lateral con-

computations, heat sink proximities xp of O.1, l, and 10 were selected
on the basis of a typical range which would be of interest in terms of

spatial resolution of data. For environmental heat transfer computa-

tions test part thicknesses tp of O.O1, 0.1, and 1 cm were selected on
the basis of a typical range to the thinnest practical test parts (such

as honeycomb sandwich facing sheets with no significant bending stresses).

Heat transfer coefficients h of 10-3, 10-2, and 10-1 W/°K cm2 were

selected for the environmental computations on the basis of various

typical test environments. The lowest coefficient (1.76 Btu/hr. ft 2 °F)

is typical for a high emissivity test part at 3OO°K in a 300°K atmos-

pheric environment without forced convection. The intermediate

coefficient (17.6 Btu/hr. ft2 °F)is typical for a high emissivity test

part at 1OOO°K in a 3OO°K atmospheric environment without forced con-
vection or of a 300°K test part in a 300°K moderate forced convection

environment (such as normal atmospheric winds). The highest coeffic-
ient (176 Btu/hr ft2°F) is typical for a test part in a relatively

high forced convection environment of the same temperature (such as

an atmospheric density transonic wind tunnel). With the parameters

selected above, the lower frequency roll-off signal factors (Cz, Cx,

and Ce) can be computed (p. _7). For lateral conduction computations,

the thermal wave mode can be considered an adverse signal ratio (p. 20).

Both the black velvet and black enamel test part coatings were

selected for coating roll-off computations on the basis of their

different favorability aspects in test applications. Black enamel

coating thicknesses of 0.3, 0.5, 0.7, and 0.9 mil were selected for

computations on the basis of the range from its minimum opaque thickness

to the maximum thickness likely to be required due to coating applica-

tion variables. Black velvet coating thicknesses of 2, 3 and _ mils
were selected on the basis of the range from its minimum practical to

its maximum probable required thickness. With the parameters selected

above, the upper frequency roll-off signal factor (C c) can be obtained
(pp. _6 and lO1).

A frequency range from lO-2 to 10_ Hz was selected for the roll-off

computations. The lower frequency (36 cycles per hour) is typical of

the slowest periodic loading likely for complex structural fatigue test.

The higher frequency is approximately five times the maximum frequency

(2 O00 Hz) normally encountered in vibration testing. The broad

frequency range therefore covers all test part stress oscillation
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frequencies likely to be of interest. Assigned discrete frequencies
f can be combined with the frequency signal factors (identified above)

to compute dimensionless frequency parameters defining emitted signal

ratios np (p. 47). Detectable stresses _* can then be computed by
the procedures previously discussed (p. 68).

Substrate conduction will usually impose the most critical lower

frequency application range limits (fig. 25). The magnitudes of roll-

off frequencies vary by a factor of approximately twenty for the

various materials. The substrate conduction frequency limits are

greatest for the thinnest test parts, but the bending stresses (pro-

ducing substrate conduction) are usually not encountered in thin test

parts. The roll-off is relatively flat, the conductance error being

only ten percent at a frequency approximately two orders of magnitude

less than the roll-off threshold frequency. Corrections for substrate

conduction are frequently feasible (p. 16). In general, substrate

conduction will frequently impose limits on structural fatigue loading

tests, but will less frequently be encountered in vibration and acoustic

testing.

Lateral conduction will impose considerably less severe lower

frequency application range limits than substrate conduction (fig. 26).

As with substrate conduction, the magnitudes of lateral conduction

roll-off frequencies vary greatly for different materials. The

frequency limits are greatest for radiometric fields of view in close

proximity to heat sinks, but the closest proximity shown (0.i cm)
would not be of interest unless the radiometric field of view was also

that small in magnitude. Lateral conduction corrections are probably

feasible with an auxiliary sensor (p. 21). In general, lateral con-

duction will seldom impose severe test frequency limits, but it can
introduce data errors perceptible only with an auxiliary sensor (p.86)

Environmental heat transfer will usually impose the least critical

lower frequency application range limit (fig. 27). The magnitudes of

the roll-off frequencies do not vary greatly for different materials

(being different by approximately a factor of two for the metals evalu-

ated). The frequency limits are greatest for the thinnest test parts

and most severe environments. In a typical room environment, no

significant roll-offs are likely to be encountered even for slow

fatigue test cycling of honeycomb sandwich panels with thin facing

sheets. In a wind tunnel, roll-offs could be encountered with thin

skin models at frequencies of interest in flutter testing. Approxi-

mate corrections for environmental heat transfer are usually feasible

(p. 2A ). In general, environmental heat transfer will not frequently

impose important limits on infrared stress measurements.
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(b) Moderate forced convection environment

Figure 27. - Continued.
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Figure 28. - Typical coating lag effects on
infrared stress detection.

Coating ther_l lag can impose important upper frequency applica-
tion range limits (fig. 28). The roll-offs are greatly different for

black velvet (which has superior radiation properties) and black enamel

(which has superior thermal response). The roll-offs are usually more

important in terms of data errors which could be introduced by unknown

coating thicknesses than the absolute magnitudes of signal losses.

Black velvet is the preferred coating when its roll-off threshold is
adequately safe for the test application frequency (pp. 58-59). Black

enamel is suitable for approximately one order of magnitude higher

frequencies than black velvet. Corrections for coating lag are

feasible when coating thickness is known (p. 26). Improved coating

application and measurement techniques would be required to obtain
accurate spatial infrared stress data at frequencies much greater than

approximately iO Hz (p. 85).
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-@ Recommended Future Work

High Emissivity Coating Technolo_v - The use of coatings on test

parts greatly enhance detectability levels, accuracy, and other aspects

of infrared stress measurement. (See section on "Instrument System

Methodology, pp. A6 and 55). Work reported herein shows that favorable

frequency response can also be obtained with thin coatings of an available

black enamel material. (See appendix on "Coating Response Experiments",

p. 102). However, the present coating application and thickness

measurement methods are not adequate for achieving thin coatings on test

parts as required in the infrared stress measurement applications. Devel-

opment of techniques to obtain a thin coating of uniform thickness over
large surface areas is desirable. The minimum feasible thickness limits

could then be evaluated for high emissivity coatings on test parts. This

would define an upper frequency limitation imposed by coating thermal lag

in test applications. It appears practical to measure coating thicknesses

by active infrared scanning. This approach is particularly desirable for
infrared stress measurement because the same radiometric instrumentation

employed for stress sensing could be utilized for pre-test coating thick-
ness measurements. Preliminary theoretical analysis (not shown herein)

indicates certain favorable feasibility aspects of infrared coating

thickness measurement. The initial transient response time of thin

coatings is approximately one millisecond. (See appendix on "Coating

Response Experiments", p. iO0). This is short enough to permit practical

scanning for the simple secondary (sustained) transient. The coating

thermal diffusivity (and conductivity) is approximately one-tenth that of

the most adverse metallic substrate (titanium), and strong infrared

signatures are likely to be produced by thickness variations. Detail

techniques would have to be developed for infrared thickness measurement,

and they could then be applied in the coating application work. The

coating research would yield improved upper frequency range limits and

rapid evaluation of frequency limits for coated test parts. The proposed

coating thickness measurement method is believed to be unique, and the

contractor desires to retain proprietary rights to its general application
in paint thickness measurement.

SupDression of Environmental Reflection - Spurious signals can be
obtained from environmental reflection effects. (See section on

Instrumentation System Methodology", p. 58). The spurious signals can be

suppressed to some degree by high emissivity coatings on test parts and

surfaces around the radiometer aperture. However, the degree of suppress-

ion is dependent on coating diffuseness as well as high coating emissivity

(low reflectivity). An available black velvet coating is probably more

diffuse than an available black enamel, but it also has greater thermal

lag than black enamel. (See section on "Signal Emission Frequency Ranges",

P. _6). Time response is not important for a coating around the radio-

meter aperture, and black velvet might be used there when black enamel
is used on the test part (for rapid thermal response). The general aspects

of environmental reflection effects are know_, but the diffuseness of

coatings is unknown. Specific experiments would be needed to quantitatively
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define optimum techniques for suppression of environmental reflection

effects. This research would yield more accurate and reliable infrared

stress measurements for vibrating test parts.

Lateral Conductance Corrections - Many important infrared stress

measurements applications will involve thin plates with biaxial stress

fields. The lateral conduction will usually be the most important lower

frequency limitation in these applications. The approximate magnitude of

this limitation can be evaluated from available information. (See section

on "Lateral Conduction", p. 21). However, valid lateral conduction

corrections cannot be made analytically, and corrections are desirable to

accurately define stresses near stress nodes, stiffeners, etc. Corrections

might be made by incorporating data memory and an analog computer device

in a scanning radiometer. However, such a computer would be complex,

and non-scanning conduction corrections would not be obtained wlth this

approach. More reliable corrections appear feasible by incorporating

auxiliary sensing in a radiometer. The appropriate sensing would be a

secondary detector with a field of view around the perifery of the

primary data detector field of view. This approach is considered

physically practical, and the signal correction analog computer would

be simple. Further study weuld be required to define the specific

techniques and feasible performance limits for this lateral conduction

correction approach. The technique would provide automatic estimates

of data accuracy (with lateral conduction) as well as the basic data

corrections for important regions of test parts.

Temperature Corrections - The test part temperature has a direct

effect on signal radiance. (See section on "Infrared Signal Magnitudes",

p. Ii). It must be known for infrared stress data reduction. Radiometric

sensing of temperature is desirable to measure transients and spatial

gradients without contacting sensors. An auxiliary radiometer would

obviously be feasible for temperature measurement, but it is desirable to

also evaluate certain techniques employing the primary radiometer. The

relative accuracy required is much less for the temperature level than for

the small temperature increments produced by oscillating stresses, and an

auxiliary radiometric sensor may not be necessary. Quantitative evaluation

of several techniques would yield definition of the method most suitable

for infrared stress temperature corrections.

Calibration Techniques - The research reported herein is considered

adequate to determine what test applications are suitable for infrared

stress measurements, to select the most favorable measurement equipment

and techniques, and to evaluate attainable data accuracy and spatial

resolution in terms of test measurement ranges and primary test

application factors. However, there are many secondary factors which can

alter the exact relationship between the stress in a test part and the

radiometric signal output during any specific infrared stress measurement.

These include variations in test part thermoelastic constants and surface

emissivities, infrared transmission losses, and radiometric performance
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of specific instrumentation. Exact theoretical treatment of all

secondary factors is impractical, and calibration will be desirable for

each specific infrared stress measurement test set-up. One type of

calibration can be obtained with strain gages on a highly stressed

region of the test part which can be radiometrically viewed. This type

of calibration would usually be desirable when strain gages can be installed

on test parts because it provides an instrumentation drift check during

test runs (a check of every set of spatial data with a scanning instrument).

However, it may not always be possible to install strain gages on the
test part, and it will usually not be practical to obtain the desired

absolute calibration ranges from instrumented test parts. It is

desirable to develop a device for absolute instrument calibration prior

to installation of test parts. The best approach would be radiometric

measurements on a specimen of the test part material being subjected

known stress oscillation while at the location where the test part is

to be installed. This approach would yield an absolute calibration device

capable of achieving desired stress and temperature ranges with all
secondary factors of the specific application present.

Signal Processing Technolo_v - Several aspects of signal processing
require evaluation to define instrument system techniques. Narrow

electronic filter bands are favorable relative to signal-to-noise ratio.

(See section on "Infrared Detection", p. _). Filters can impose limits

on instrument response and therefore attainable scanning speed. Optical

chopping is desirable for improved signal amplification at low oscillating

stress frequencies, but it can impose limits on both scanning speed and

the ranges of oscillating stress over which data acquisition is feasible.

The work reported herein treats sinusoidal signals only, but other wave

shapes (such as multiple mode bending or panel flutter tension-tension)

can be treated by harmonic analysis, electronic gate, or other methods.
Eva]uation of the various signal processing techniques is desirable

to determine the infrared stress measurement requirements and limitations.

This would yield the specific approaches for direct stress read-out

instrumentation with surface scanning capabilities.
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CONCLUDING SECTION
_

The thermoelastic effect produces nearly isentropic energy conversion,

and this energy conversion is a function of changes in the sum of principal

stresses within materials (p. 7). Coefficient of thermal expansion, den-

sity and specific heat are the primary material properties affecting the

energy conversion, but modulus of elasticity and Poisson's ratio can intro-

duce secondary effects which are increasingly important at elevated

temperatures (p. 8). The thermoelastic constants of common structural

metals (steel, titanium, aluminum, and magnesium) were measured, and were

found to vary somewhat with stress increment and temperature level (p. 95).

These variations are attributed to the probable unknown anistropic pro-

perty effects in metals fabricated by rolling and the known isotropic

effects, which include the minor theoretical variations with temperature,

the variations of coefficient of expansion with temperature, and the

variations of specific heat and Poisson's ratio with temperature and

stress. The thermoelastic constant is of (small) significantly positive

magnitude for many materials, but it is known to be negative for some ma-

terials, and it is probably insignificantly small for other materials.

The thermoelastic energy conversion produces (small finite temperature in-

crements proportional to imposed stress increments in an adiabatic element
of a material with a finite thermoelastic constant (p. 7).

For an adiabatic material element subjected to oscillating stresses,

the signal emitted is a function of the (peak-to-peak) stress magnitude,

the thermoelastic constant, the surface emissivity, and the temperature

level (p. ii). However, a material element of a test part can be con-

sidered adiabatic only when the oscillation frequency is high enough to

avoid appreciable heat transfer between the element and other portions of

the test part or the test part environment (pp. 16, 21, and 25). If the

test part has a high emissivity coating for enhanced infrared signal

emittance, the frequency must also be low enough to avoid appreciable

thermal lag of the coating surface relative to the structural test part

(p. 27). The non-adiabatic and coating lag effects impose unavoidable

lower and upper frequency signal roll-off limitations in testing appli-

cations. The theoretical analysis for the most important lower frequency

roll-off (substrate conduction) and the upper frequency roll-off (coating

lag) was experimentally verified (pp. 114 and 117). Since high emissivity

coatings are desirable, the thermal responses of selected coatings was

measured (p° i01) so that the upper frequency signal roll-off could be

quantitatively evaluated. Since thin coatings are required for rapid

thermal response, the opaque thickness threshold was experimentally deter-

mined for a selected favorable coating material (p. 107). The research

discussed above yielded the quantitative theoretical definition of emitted

test part signals and the appropriate experimental verification.

The signal losses due to passage through air are relatively smal$,

(p. 30). The losses due to passage through pressure barrier windows _re

usually significant, and window pane materials suitable for the spectral

range of the emitted signals must be used (pp. 137-139). The transmission
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characteristics of four diverse window pane materials were defined in terms
of test facility window differential pressure and the other pertinent para-

meters (pp. 33 and 3A). Radiometer performance depends on the collection of

radiant signal energy to irradiate a detector and the conversion of radiant

energy to electrical signals by the detector. The power irradiating the

detector is dependent on certain geometric arrangement aspects of the optical
collection system (pp. 36-37). The smaller angular fields of view yield

lower signal strengths, but they are advantageous for favorable spatial re-
solution (small fields of view on test part surfaces). The stand-off

distance (between test part and radiometer) and the required optical field
depth are also factors in the spatial resolution (p. AO). Various infrared

detectors have vastly different spectral responses, and signal frequency

effects are also different. (pp. 121 and 122). The performance charac-

teristics of five diversely different detectors were defined, and this was

combined with the signal emission and loss analysis to evaluate a "detectable

stress"(pp. A2-_). Detectable stress is the lower limit oi" stress oscilla-

tion likely to be detected (and the probable accuracy limit of measurements
at greater stress levels).

The results discussed above were utilized to postulate a simplified

instrumentation system methodology suitable for estimating the appropriate

detectable stress and spatial resolution limits for any arbitrary test

application requirements (pp. _6-63). Although this methodology covered

only combinations of four windows and five detectors, the diverse spectral

ranges of the data permit its extension to other combinations. Selected

typical application ranges were defined with the methodology (pp. 66-67,

69-75, and 79-84). These data indicate that infrared stress measurement

accuracies of a magnitude similar to strain gages would be feasible at

room temperature, but this is for a very narrow electromtc bandwidth (not

generally practical), and infrared measurements may be limited by

environmental reflection or other unknown effects (p. 118). Infrared stress
instrumentation would be more accurate than conventional instrumentation at

high temperatures (pp. 68-76). Additional research would be required to

develop practical direct read-out infrared stress instrumentation (pp. 85-87).

Infrared stress measurements yield data on the sum of principal

stresses. Strain gages yield data on directional tension-compression

strain. Photoelastic coatings yield (most readily) data on shear strain

or difference in principal strains. Combinations of these techniques

could yield many (undefined) types of data not previously within the

state-of-the-art. One obviously interesting combination is infrared and

photoelastic, which yields complete definition of biaxial stress fields

by techniques suitable for rapid spatial data acquisition.

North American Aviation, Inc.
Columbus Division

Columbus, Ohio, May l, 1967
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APPENDIXA

THERMOELASTICEXPERIMENTS

by Milo H. Belgen and Robert K. Haning

Introduction

Various thermoelastic experiments have been reported in the
literature (ref 1-5 and 30). Although these data verify the

general magnitude of the thermoelastic effect, more complete data

for modern structural metals were considered necessary to utilize
the thermoelastic effect in structural stress instrumentation.

Steel, titanium, aluminum, and magnesium were selected for testing

so that a wide range of material properties would be covered. Pre-

cise measurements were desired wlth various magnitudes of stress
increment and temperature level so that second order effects could
be evaluated.

Test Specimens

Four specimens were fabricated for testing. Each specimen

was _O inches long (including end grips), and had a 0.25 x 0.40 x 35
inch (nominal) test section. The specimen cross sections were

measured so that stresses could be accurately computed for known
tension loads. From theoretical considerations (ref 1A, pp. 266),

end thermal conduction effects were known to be negligible for

the selected specimen length and required test loading time periods.

Each specimen was fabricated from a different structural

metal. The specific materials had different tensile yield

strengths, and there were small differences in the strengths of

the materials at the two planned test temperatures (Table VI).

TABLE VI.- TEST MATERIAL YIELD STRENGTHS

(from ref 28)

Materi_Is

steel (AISI A130) a

titanium (6A1-4V)b
aluminum (7075-T6)

magnesium (AZ31B-H24)

Yield Strength, lb/in2

80°F(300°K)

132 000

145 o0o
66 000

29 000

200°F(367°K)

127 000

130 000

58 0o0
22 000

a 150 000 to 160 OO0 lb/in2 heat treat

b 160 O00 lb/in 2 heat treat

g0
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Test Setup

Each test specimen was successively installed in a fixture

for testing. Load was applied hydraulically and measured with a

calibrated load link. Pressure was provided by a small hydraulic

power supply and controlled at a given level by an adjustable

relief valve. The test specimen was protected from room air

temperature changes by an aluminum tube wrapped with fiberglass

insulation and covered with aluminum foil. A wire mesh heating
element (coiled around the tube under the insulation) and infrared

lamps (mounted opposite the exposed ends of the specimen) were

utilized for the +IDO°F tests. Powerstats were used to control

voltage applied to the wire heating element and lamps.

Three thermocouples were mounted on the test specimen, one

at the center and one near each end. Each thermocouple was

soldered to a small square of brass shim stock. A thermistor,

cemented to a thin aluminum disc, was mounted on the center of

the test specimen. A thin coating of high thermal conductivity

compound was applied to the flat, under surface of the thermo-

couples and thermistor. The thermocouples and thermistor were

secured to the specimen with rubber bands. The thermocouples

were read out on a dial type, self-balancing temperature indicator.

Thermistor resistance was measured on a 5 digit Wheatstone bridge

with an electronic galvanometer.

Test Procedure

Tests were run on each specimen with loads producing 25, 50,

and 75 percent of the working yield stress at approximately 80°F

and at 2OO°F (Table VI). The specimen was considered to be tempera-

ture stabilized when the three thermocouples indicated a tempera-

ture within l°F of each other, and thermistor drift was less than
O.OOS°F/min. Thermistor resistance with zero stress was noted,

and the Wheatstone bridge was pre-set to the anticipated value of

thermistor resistance with the specimen loaded. The needle valve

at the load actuator was closed, and (with the hydraulic power

supply on) the desired pressure value was set using the adjustable

relief valve. The needle valve was then opened. The desired stress

level was reached in approximately3 seconds and a timer was started.

A thermistor resistance reading was taken as quickly as possible

(usually in 10 to 30 seconds) and the time was recorded. Time and

resistance readings were taken at approximately 15 second intervals

during the next _ minutes. The load was then released to prepare
for the next test run.

Data Reduction

The thermistor resistance values were conv_rt0ed to temperat'a_e

using a calibration curve, and subtracted from the initial zero

91



stress temperature. These temperature increment values were plotted
versus time and a curve was drawn through the points to zero time.

The extrapolated value of temperature increment at zero time was

used as the increment (8) produced by the abrupt stress change (thus

correcting for minor subsequent heat transi'er into the insulation).

The stress increment (a) was computed from the load link reading

and the measured test specimen area. The absolute temperature level

(T) was computed from the average of the thermistor readings (with

and without applied load). The thermoelastic constant was then

computed from the relation

KM = e/To

(See section on "Thermoelastic Energy Conversion", p. 7).

Test Data

The test data indicated variations of thermoelastic constants

with both stress increment and temperature level (Table VII). The

data scatter for repeat runs was relatively small. The maximum

deviation of data from averaged values was ± 1.18% for all runs

except one (magnesium at elevated temperature with the 25 percent

stress increment), which had ± 2.1% scatter. Nearly half of the

data was within _ 0.5% of the averaged values. The relatively small
data scatter and the estimated overall accuracy of the measurements

indicated that the averaged values defined consistent variations in

the thermoelastic constants.

It was considered desirable to compare the measured thermoelastic

constants with theoretical values computed from the material properties.

The literature data on properties were found to vary significantly,

particularly for three of the materials (Table VIII).

With the appropriate units conversions, the theoretical thermo-

elastic constants were computed from the relation

KM = lOOax/pC p

(See section on "Thermoelastic Energy Conversion", p. 8). This is ap-

plicable to stresses near zero because the material properties had been
measured at zero stress.

Alth_Igh the theoretical and experimental thermoelastic constants

agreed relative to general magnitude, there was considerable scatter in

theoretical values (fig. 29). This scatter is attributed to the cumu-

lative errors introduced by the scatter in thermal expansion and specific

heat data (Table VIII). Accurate thermal property data are usually not

required for engineering design analysis, but accurate thermoelastic
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TABLEVll. - THERMOELASTICTESTDATA

Stress
increment
%of yield
(Table V)

Thermoelastic constant, (KM), in2/lb
Individual runs AveraRed

298.75OK 367.55UK 298.7_o_
(*0.35°K) (To.65°K) (±O.3FoK]

Ste l(413o)

5o

75

.....2.1<_ x I -8 __._.5v...__n-8
2.185

2.234

.....2.246
2.242

Values

''1 367"55°K "(±0.65°K) ._

2.320
Titanium (6AL-4¥)

2.709 x 10 -8

2.729

2.771

2.782

2.869

2.897

2.168 x 10 -8

25 2.641

2.7335O
2.7_
2.848

75 2.879

......... 2,916 ....

2.622 x 10-8

2.199

2.282 2.240 2.282

2 [;_76 2.242 2.298 "

". umi (7075)

I 2.178 x I0-8

2.632 x 10-8 2.719 X 10-8

2.738

2.881

2.776

2.883

25
6.404 x 10-8

75

6.457

25

50

75

6.460 x 10 -8

6.680

6.784 x 10-8

6.768

9.728 x 10 -8

9.758

10.366 x 10-8

9.946

6.728 x 10 -8

6.840

9.675
9,,842
9.495
9.587

6. 518 ....
6,680 ............ 6.916

6.768 6.859

.... 6.943
Magnesium (AZ31B')

9.'724 x 10-8 10.160 x 10 -8

9.733 10.344

...... i0. 595 ....
9.863

9.896

I0.079

9.776

9.823 9.541 9.800

constant data are desirable for the ingrared stress instrumentation ap-

plication. The experimental thermoelastic constants are considered

more accurate than the theoretical computations in several ways. The

measurement accuracy was greater for the thermoelastic constants than

is normally attempted (or required) for thermal properties. The direct

measurement of thermoelastic constants also precludes cumulative errors

from several individual material property measurements.
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TABLE Vlll. - MATERIAL THERMOELASTIC PROPERTIES

(ref. 28 and 31)

Materials

Steel

(4130)
Titanium

(6AL-4V)

Aluminum

(7075)

Magnesium
(AZBIB)

..... Property Range s.

Expansion Densit_
Ib/in3coefficient,

in/in OF

6.3 x 10 -6

6 t4

4.6

5,2
12.4

12,9

13.4

14.2

0.283

0.160

0,162.
0.i01

0.0639
0,064

Specific --
heat

BTU/Ib°F ....

0.114

0,iI_
0.135

0,135 .
0.21

0,2_
0.234

0..25

There are considerable differences between the magnitudes of thermo-

elastic constants for various materials (fig. 29). This does not

directly indicate comparative infrared signal strength because material

strengths (and therefore normal structural design stresses) are different
for the various materials (Table VI). Considering the product of thermo-

elastic constant and yield strength, aluminum is the most favorable of

the four materials covered by this study. On the same basis, the relative

infrared signals for titanium, steel and magnesium would be approximately

91, 67, and 65 percent of that for aluminum. However, there can be sig-
nificant differences in the specific alloys and heat treat levels for the

same basic materials. The thermoelastic signals would therefore be of

the same general magnitude with the diversely different structural metals

evaluated, and this implies that many other materials would also produce

similar infrared stress signals.

The test data indicated variations in thermoelastic constants with

both temperature and stress increment (fig. 29). The temperature vari-
ations could be due to the variations in coefficient of expansion and

specific heat with temperature but available data on these properties
are too limited for quantitative evaluation of this. The stress incre-
ment variations were different for the individual materials. For a

tension stress increase equal to 75 percent of yield strength, the
thermoelastic constant data trends were approximately 7 to I0 percent

increases for steel, 9 to 14 percent increases for titanium, 3 to 6

percent increases for aluminum, and 1 to 2 percent decreases for mag-
nesium. These trends are probably due to variations of specific heat

and/or Poisson's ratio with stress. (See section on "Thermoelastic

Energy Conversion", p. 9).
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The overall thermoelastic constant variations with stress and tem-

perature were approximately 12.8 percent for steel, 13.4 percent for

titanium, 9.0 percent for aluminum, and 3.0 percent for magnesium.

These magnitudes are probably representative of the maximum variations

which would be encountered for these materials in test applications

with 299 to 368oK temperatures. Stresses greater than 75 percent of

yield are unlikely to be required in structural test applications.

Although all tests were performed with tension stress increments, there

is no reason to expect different thermoelastic constants for compression

stresses. When tension-compression stress oscillation is produced in

a vibrating beam, some averaging effect would be ex_Jected, and this
would tend to reduce thermoelastic constant variations.

Conclu sions

Four diverse structural metals had thermoelastic constants which

would produce similar infrared stress signal magnitudes. This indicates

that infrared stress signs/ generation is not strongly dependent on the

type of structural metal of which the test part is fabricated. It also

implies that many materials would yield infrared stress signals similar
to those obtained with the four materials tested.

The available thermoelastic constant data are considered adequate to

evaluate infrared stress detection limits for the specific structural

metals tested. (See section on "Instrument System Methodology", p. 61).
Although some data corrections can be made for second order thermoelastic

constant variations, specific thermoelastic calibrations are required to

obtain ultimate data accuracy. (See section on '_ecommended Future Work",

p. 86). Materials additional to those covered in this study could be

used for infrared stress measurements if practical calibration techniques
were available.
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APPENDIXB

COATINGRESPONSEEXPERIMENTS

Introduction

Radiometric signals tend to be improved in several ways by

application of high emissivity coatings to metallic test parts,
but coatings may impose limitations on the useful test frequency

range (See section on "Infrared Signal Magnitudes", p. 10). The

frequency limitation of a coating is a function of its thermal

diffusivity and its thickness squared.(See section on "Coating

Thermal Response", p. 26).

Rapid thermal response is not important relative to the usual

high emissivity coating applications. Because of this, no valid

data were available on coating thermal diffusivities or minimum

practical thicknesses, and standard high emissivity coatings were

not known to have desirable combinations of emissivity and response

characteristics. Coating experiments were considered necessary to

define the basic coating characteristics important for the infrared

stress measurement application.

The purpose of the experiments was to define the thermal response

of a selected standard high emissivity coating and of several other

coatings considered promising for relatively high emissivity and re-

sponse. The primary data requirement was transient response charac-

teristics of coatings. However, it was also necessary to check
emissivities for non-standard coatings and thin coatings (which were

not known to be opaque).

Coating Selection and Application

A specific coating was selected as representative of standard

high emissivity coatings developed for high and diffuse thermal

radiation over a wide wave length range. The selected coating is

marketed under the trade name, "3M Black Velvet lO1-C10", by the 3M

Company, St. Paul, Minnesota. It has been used for many optical and

infrared applications, and considerable data were available on its
properties (various unpublished data, most of which was generated by

the coating manufacturer). The data indicate approximately 0.92

infrared total emissivity with a relatively flat spectral distribution.

The data also indicate good coating stability in common environments,

including temperatures as high as &25°K. The recommended application

thickness is 2 mils (or thicker), but tests of a thinner coating was

considered desirable because of the possible improvement in response.
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One type of coating was selected for test on the basis of its

suitability for relatively high temperatures. This coating is

marketed under the trade name. "Black Heat Resistin_ Enamel Q36KSO2",
by Rinshed-Mason Company, Aneheim, California. It has been used
to increase radiation cooling on hypersonic flight vehicles, and

some unpublished data were available on its properties. The data

indicate a relatively high infrared emissivity and good coating

stability in common environments, including temperatures as high
as 6_5°K.

One type of coating was selected for test on the basis of

its promising aspects relative to thermal conductivity. This

coating is marketed under the trade name, "Silver Conducting Paint

HB0125-OO_", by North American Aviation, Inc., Columbus, Ohio. It

has been used in applications requiring conductance of electrical

current, and this indicated that its thermal conductivity would be

higher than that of dielectric coatings. The coating is stable in

common environments, including temperatures as high as 395°K. It
_as considered desirabl_ to test both the standard formulation of

this coating and a formulation with the addition of ten percent by

weight of carbon black (for increased emissivity).

Based on early test results, a coating of high graphite content
was added to the experiment. It was prepared by mixing 35 percent

graphite (No. 2 medium powdered flakes,.Joseph Dixon Crucible Co.,

Jersey City, New Jersey) with 65 percent acrylic (A-lO acrylic resin,

Hanna Paint Mfg. Co., Columbus, Ohio) by weight, and adding thinner

(MIL-T-6Og_) as required for spray application consistency.

All test coatings were applied by spraying and allowing them to

air dry. Because of the non-standard coating compositions, the

reliability of standard paint thickness meters was unknown, and it
was decided to use direct physical measurements. The specific

technique was a dial indicator with a spherical faced probe supported
on a flat table. All known procedures for precision of this type of

measurement were carried out (checks on table flatness, indicator

hysteresis, probe curvature, indicator spring loading, data repeata-

bility, etc.). With these procedures, _he accuracy of coating thick-
ness measurements was estimated to be - O.1 mll (or better).

Test Procedure

Aluminum (7075) was selected as the test substrate material

because its low emissivity was suitable for indicating non-opaque
coating effects on emissivity. The substrate specimen consisted of
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a strip with 0.02 inch thickness, 0.25 inch width, and 36 inch length.

The ends of the specimen were supported by a fixture incorporating a

spring to keep the strip flat with a small axial tension load. Test

coatings were applied as 0.25 inch square spots in the central one-third

of the specimen length so that thermal conduction to the ends of the

specimen would be negligible.

An electrical power supply was connected to the ends of the

specimen so that it could be heated by passing electrical current

through the aluminum strip coating substrate. The power supply had

capacitors which could be pre-charged and then discharged to produce

rapid specimen heating for transient response tests. The particular

capacitor circuit had a primary power pulse duration of 0.0002 second,
followed by minor current oscillation (of minor total power) for an

additional 0.0007 second. The power supply could also be operated

continously without the capacitors to obtain steady-state moderately

elevated temperatures for emissivity tests.

An infrared radiometer system was mounted in a manner suitable

for viewing of the specimen coating spots. The radiometer optics

were of the Cassegrain telescope type with an eight inch diameter

primary mirror. The radiometer detector was of the germanium immersed

thermistor bolometer type with a one milliradian field of view (nomi-

nal for the specific optics). The radiometer was located 78 inches

from the specimen so that the nominal field of view on the specimen

was a 0.078 inch square, and all minor peripheral radiometric response

was within an area smaller than the 0.25 inch square coating spots.

Transient thermal response data were recorded by a photographic

oscilloscope connected to the bolometer preamplifier (with no radia-

tion signal chopping or electronic filtering). Steady-state emissi-

vity data were recorded from a suitable root-mean-square meter con-

nected to the instrument system output (with the system integral 200

Hz radiation signal chopping and narrow band electronic filtering).

The equivalent observed radiometer noise was O.8°K (peak-to-peak)

during transient tests and O.O2°K (root-mean square) during steady-
state tests.

Thermal response test runs were carried out by focusing the

radiometer on a selected coating spot, allowing the specimen to

stabilize at room temperature, discharging the electrical power

supply capacitor (to produce a rapid 10°K increase os substrate

temperature), and recording data during the surface temperature

transient (with automatic oscilloscope triggering by the electrical

pulse). Thermal response data reduction was carried out with a pro-

cedure correcting for the finite response time of the radiometer
detector. The substrate temperature transient was assumed to be a

step function (neglecting the minor effects of the actual transient
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during the short duration period of electrical heating). Various

values were assigned for the coating signal ratio parameter Cc (See

section on "Coating Thermal Response", p. 26), and the coating

surface temperature ratio versus time was computer for each assigned

value (ref. l_, p. 266). The detector time constant (known to be
O.0010 second from a radiation chopping calibration) was applied to

compute radiometer signal ratio versus time for each assigned value

of Cc. The computed data were plotted to form a family of transient
signal ratio curves with the coating characteristic Cc as the discrete
variable. The observed test signal ratios were plotted on the same

graph, and were found to define curves with the same shapes as the

computed data (as should be the case for valid test and data reduc-

tion procedures). Test values of the coating characteristic Cc were

obtained by interpolation of the test plots relative to adjacent

computed plots for discrete values of Cc.

Thermal emissivity test runs were carried out by installing

them.couples and thermal insulation on the back of the specimen,

adjustment the electrical current flow through it to obtain 367 @ l°K

steady-state temperature, focusing the radiometer on a selected coat-
ing spot, and recording data (average rms radiometer signal). More

accurate emissivity tests were planned for promising coatings. (See

section on "Spectral Reflectivity Experiments", p. 103). Simplified

data reduction procedures were employed for the preliminary screening

test data. The emissivity of a selected standard coating spot was
estimated to be 0.92 from literature data (See section on "Coating

Selection and Application", p. 97 ). Signal increments for other

coating spots were applied with the known radiometer constants to

computed emissivity increments. No corrections were made for incre-
ments of environmental reflection from coating spots (known to be

small for the specific test conditions).

Test Data

There was considerable scatter in the test data, particularly

the transient data (fig. 30). This was attributed primarily to un-

certainties in coating spot thicknesses arising both from the known

measurement accuracy limitations and unknown thickness variations

over individual coating spots. The transient data plots were shown

at the slope known from theoretical considerations, with a relatively

heavy weighting assigned to the thicker coating data (expected to be

the most accurate). The total emissivity plots were shown with the

data point trends but these trends are not considered definitive,

and more valid emissivity data were obtained for selected coatings.

(See section on "Spectral Reflectivity Experiments," p. 107).
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The standard high emissivity coating (black velvet) had relatively

favorable thermal response properties, but it was found to be unsuitable

for application in thin layers. Although the 1.1 rail test spot retained

high emissivity, it had visible voids exposing the substrate. Additio-

nal attempts to produce thin layers with this material indicated that

approximately 2 mils thickness is necessary for reliable uniformity

over extended coating surface areas. On this basis, a minimum coating
thermal response signal parameter of O.OOA6 second was considered
applicable for black velvet (2 mils thick).

Although the black enamel coating had less favorable thermal re-

sponse and emissivity properties than the standard coating, it was

suitable for application in thin layers. Because of this, a coat-

ing thermal response signal parameter range of 0.00027 to 0.00107
second was considered applicable for black enamel (with the 0.3 to

O.6 thickness range of threshold thermal emissivity effects).

The silver base coatings were less favorable than black enamel

in both response and emissivity. Although these coatings undoubtedly

had higher thermal conductivity than any others tested, they apparently

had lower thermal diffusivity.

The acrylic-graphite coating had more favorable (higher) thermal

diffusivity than any other coating tested, but it was found impracti-

cal to apply in thin layers.

Conclusions

It appears likely that additional research would yield a coat-

ingwith high emissivity and diffusivity which could be applied in

thin layers. Based on the available data, it is believed such a

coating could give a tenfold increase of the upper frequency ranges

presently feasible (with the black enamel coating). However, the

black enamel currently has the advantages of proven favorable thermal

response and known suitability for elevated temperatures and other
comon environments

Coatings for infrared stress measurements must be uniform over

large test part surface areas (See section on "Coating Thermal

Response", P. 27). Research on coating application and thickness

measurement is presently considered more important than development
of better coatings (See section on "Recommended Future Work", p.58).

The black enamel is considered the best coating available for the
rapid response, _ut the black velvet is probably the best coating

for suppression of environmental reflection effects. (See section

on "I_trumentstion System Methodology," p. 58)
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APPEndIX C

SPECTRAL REFLECTIViTY EXPERIY_NTS

by Milo H. Belgen and Robert K. Haning

Introduction

The strength of infrared stress signals is directly proportional to

test part surface emissivity (See section on "Infrared Signal Magnitudes),

p. i0). High emissivity coatings can improve signal strength and other

aspects of infrared stress measurements, but coating thermal lag also im-

poses upper frequency testing limitations (See section on "Signal Emission

Frequency Ranges", p. 48). It is desirable to use thin coatings for mini-

mum thermal lag, but surface emissivity can be degraded when coatings are

too thin to be opaque (See section on "Coating Response Experiments", p.
101).

Some literature data were available on emissivity of metals and

coatings. It was considered necessary to supplement these data with
experiments, particularly for the thin coatings most important to infra-
red stress measurements. An available black enamel was selected as the

test coating material because of its favorable thermal response. The

purpose of the analysis and experiments was to define spectral emissivi-

ties of uncoated and coated metals (including the black enamel thickness
of threshold emissivity degradation due to non-opaque coating effects).

Test Specimens

Sixteen specimens were fabricated from four structural metals in the

form of disks of approximately 0.98 inch diameter and 0.01+3 inch thickness.

The faces of the specimens were polished to obtain flat smooth surfaces

without oxide films. Specimens of three metals were selected for testing

without coatings to supplement the available literature data on metals.

The remaining thirteen specimens were used as the substrates for coated
metal tests.

All coating work was done with a material marketed under the trade

name, "Black Heat Resisting Enamel Q36K802", by Rinshed-Mason Company,

Aneheim, California. Coating spray application techniques were evaluated

with axilliary aluminum specimens which were cross sectioned for micro-

scopic examination of coating thickness uniformity. Specific techniques

of mixture thinning, spray gun control and number of passes were found to

yield the approximate coating thicknesses desired with relatively small

thickness variations over the areas required for small specimens. The

observed thickness variations were found to exist primarily at the edges
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TABLE IX. - SPECTRAL REFLECTANCE TEST SPECIMENS

Substrate

iMaterial

Aluminum

(7075)

Magnesium
(AZ31B)

Titanium

(6AL4v)

Steel

( 3o)

Coat inK thickness, mils

central region a Face avera eb
, •. , - L ....... g ,

0.27 0.13

0.35 O. 29

O. 58 O. 52

0.80 0.73

0.93 0.75

i.23 i.21

i. 53 i. 59
, ........ . , = ....

0 c

0.21
O .61

0 c

0.20

0.64

0 c

0.23

0.66

0 c

0 .ii

0.71

0 c

0.28

0.75

0 c

0.30
o.8o

b

Electronic micrometer measurements for central 1/4 inch

diameter areas of specimens.

Volume measurements of an accura_j limited by non-uniform

coating thicknesses.

c Uncoated metallic specimens.

of the specimens and in the direction of spray gun motion. The effect
of these variations on the data were suppressed (as discussed below) to

the degree feasible.

Before coating application, the thickness of each specimen was mea-
sured with an electronic micrometer (10-5 inch precision), and the

volume of each specimen was measured by the water bouyancy weight incre-

ment method with a precision scale. Coatings were then applied with a

spray gun motion direction defined by an edge indexing mark on the back

of each specimen. The desired approximate coating thicknesses were

achieved by repeating pre-determined application techniques (discussed

above). After coating application, the thickness and volume of each
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specimen was again measured. The change in specimen thickness was con-

sidered a direct indication of the coating thickness in the central (1/4

inch diameter) area of a specimen. The change in specimen volume was

considered an indication of average coating thickness over the entire

coated face area of a specimen.

The two methods of coating thickness measurement agreed within 0.i

mil for most of the specimens, and disagreed a maximum 0.18 mil for any

one specimen (Table IX). The degree of agreement between central region

and face average thicknesses were considered an indication that specimen

coatings were relatively uniform. However, the central region (micro-

meter) measurements were selected as more accurate than the face average

(volume) measurements for spectral reflectivity data analysis. The re-

flectivity instrumentation field of view is a rectangular spot 1/2 inch

long (as discussed below), and the known coating non-uniformities at the

edges of specimens (discussed above) would not affect reflectivity data.

The central region thicknesses were therefore considered more accurate

than the average thicknesses. Although the precision of the electronic

micrometer was 10-5 inches, the absolute accuracy of coating thickness

measurements was estimated to be _0.05 mil on the basis of several possi-

ble sources of cumulative errors.

Te st Procedure

The specimen thermal radiation property measurements were made by

the heated cavity (Gier-Dunk!e hohlraum) reflectometer method (ref. 31,

pp. 970-971). For this method the specimen is mounted flush with the

inside wall of a heated cavity. The specimen is water cooled on the

back side so that it remains at room temperature. A relative radiometric

signal is measured by viewing the specimen and an adjacent region of the

heated cavity wall with a spectrometer. Since the heated cavity wall is

known to be a diffuse radiator material with relatively small specimen

and viewing port areas, the wall radiation is representative of total

radiant energy incident on the specimen. Since the specimen is water

cooled in a heated cavity, its emitted radiant energy is relatively small,

and the radiation from the specimen is representative of the incident

radiant energy reflected by the specimen. The relative signal is there-

fore dependent on the specimen reflectivity. During these particular

tests, the specimen mounting was for an angle of spectrometer viewing

perpendicular to the specimen surface.

The spectrometer used for the test was a type in common usage for

the near infrared wave length range (Perkin-Elmer Corporation Model 13U).

Considering the heated cavity temperature limit and the spectrometer

wave length response characteristics, the test set-up would yield best

accuracy in a 2 to 15 micron range, but would also yield (less accurate)

data in the 15 to 25 micron range. The spectrometer was operated in its

automatic slow spectral scan mode so that no significant instrument time

response errors would occur.
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With the specific test arrangement, the spectrometer field of view

on the specimens was a rectangular spot 1/2 inch long. This spot was

located at the center of the specimens, and its width was varied during

spectral scans to produce optimum radiant signal energy for the spectro-

meter. Since there were known small coating thickness variations in

the direction of spray gun application motion (discussed above), speci-

mens were mounted with an orientation tending to suppress the effects of

these variations on reflectivity data. Specimen indexing marks were

positioned opposite one end of the rectangular field of view. With this

orientation the spot width variations during spectral scans were in the

direction of the most uniform coating thickness.

Data Reduction

Although emissivity is the property most important for infrared

stress measurements, reflectivity experiments were performed to enhance

the test accuracy, particularly for the high emissivity coatings con-

sidered most important. Emissivity values were computed by subtracting

the observed test reflectivity values from unity. The results of these

test observations and computations are commonly considered normal emiss-

ivity, but this is known to be only approximately correct for several

reasons (ref. 32).

The uncoated metal literature data (ref. 33 and 3_) were reported as

measured emissivities. The black velvet literature data (ref. 35) were

reported as emissivities computed from reflectivity tests (as discussed

above).

All data were smoothed to eliminate minor spectral variations which

would impair presentation clarity. This did not exclude any maximums or

minimums, and it did not alter data over more than 0.5 micron wave

length ranges.

Test Results

The thinnes_ black enamel coatings tested were not opaque at the

longest wave lengths (Table X and fig. 31). Based on these data, the

opaque thickness threhold for black enamel was estimated to be 0.3 mil.

The i0.O5 mil uncertainity in coating thicknesses (discussed above)

would not significantly alter the estimated threshold, especially since

observed non-opaque effects were small in the 0.2 to 0.3 rail thickness

range. The above conclusions were qualitatively confirmed by minor non-

opaque effects observed with a 0.15 mil thick coating during vibrating

beam tests (See section on "Infrared Stress _a_rement Experiments",

pp. n2-11 )

106



TABLE X. - BLACK ENAMEl. OPAQUE THICKNESS THRESHOLDS

Symbo] (f_g.31)ICoa_,ing Thickness, m_]s Substrate material

Opaque Coating Thicknesses

to 1.53 Ia_uminum1 0.35

0.61 to 0.66 Isteel,' titanium, and magnesium

2

3

4

Non-opaque Coating Thicknesses

O.27 aluminum
O.23 stee_

0.20 to 0.21 titanium and magnesium

1

_', black velvet (lOl-CiO)
_, _- - ----_'-

• black enamel _ .....

• ee •

Test data 1 2"' 3

From ref. 33

From ref. 35

0
5 i0 15

Wave length, (_), u

2O 25

Figure31.- Spectral emissivity of uncoated
and coated structural metals
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The emissivities of both coatings evaluated are much greater than

uncoated structural metals (fig. 31). The data shown are for polished

metals, and metallic emissivities increase with roughness, oxidiation,

and other factors. However, these emissivity increases have limited

usefulness for infrared stress measurements because they are not usually

uniform or of known magnitude. Metals with heavy surface oxide usually

have high emissivities, but heavy oxide coatings can cause thermal lag

errors in high frequency signals.

Conclusions

The emissivities of structural metals can be increased with coat-

ings. An available black enamel coating is opaque in thicknesses

greater than 0.3 rail, and faster thermal response can be obtained with
it than with an available black velvet coating. (See section on "Coat-

ing Response Experiments", p.lOl). However, black velvet has slightly

higher emissivity and is probably more effective than black enamel

relative to suppression of environmental reflection effects. (Bee

section on "Instrumentation System Methodology, p. A8).
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APPE]TDIX D

INFRARED STRESS MEASUREMENT EXPERIMENTS

Introduction

Four types of frequency roll-offs can be encountered with infrared

stress test parts. (See section on "Signal Emission Frequency Ranges",

p. 47). The most important lower frequency roll-off is caused by sub-

strate conduction with test parts subjected to bending deformations.

The only upper frequency roll-off is caused by coating thermal lag with

test parts having high emissivity coatings for improved radiation signal
emission.

Theoretical relations have been defined for the conductance and

coating frequency roll-offs. (See section on "Test Part Signal Gener-

ation", pp. 12-17 and 26-27). The transient response characteristics

of coatings have been experimentally evaluated. (See section "Coating

Response Experiments", PP. 97-102). It was considered desirable to

perform infrared stress measurement experiments with vibrating test

parts so that validity of the theoretical relations could be checked.

Test Parts

Three beams with uniform rectangular cross sections were fabricated

from aluminum (7075-T6). The specific cross sections were approximately

3 x 4, 3/8 x l, and 0.08 x 1 inch sizes. The length of each beam was

selected so that it could be clamped in a fixture and vibrated as a

cantilever at approximately 20 to 30 Hg in a resonant mode practical for

the specific beam thickness. The first bending mode was used for the

thickest beam, and the second bending mode was used for the two thinner
beams.

Portions of beams which would have relatively high and uniform stress

oscillation during vibration were selected as test instrumentation areas.
The area near the beam root was selected for the thickest beam (first

bending mode). Although a stress gradient would exist along the beam in

this area, it was considered negligible for the small (O.1 inch) measure-

ment areas on the long (64 inch) beam. An area approximately e_ally

distant from the beam root and tip was selected for each of the thinner

beams (second bending mode). Since the selected location is a stress

node (maximum) region, there would be no significant stress gradients in
this area.

Beam thicknesses were measured with micrometers at the selected

test instrumentation areas. High emissivity coatings were then applied
to one face of each beam at the selected areas. An available black
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enamel coating material was used because of its favorable thermal re-

sponse and known opaque thickness threshold (Appendix B and C). The

specific material is marketed under the trade name, "Black Heat Resist-

ing Enamel Q36K802", by Rinshed-Mason Company, Aneheim, California.

Coating spots of five different discrete thicknesses were applied at the
same distance from the root of the thick beam. Micrometer measurements

of the beam were made after coating application, and the thickness in-
crements (0.15, 0.80, 1.20, 1.50, and 2.20 mils) were recorded as coat-

ing thicknesses for this beam. Although the coating thickness data
were rounded only to the +0.05 mil apparent measurement precision, the

accuracy of the data was estimated to be approximately +0.2 mil because

of several sources of cumulative errors (not discussed herein). A

single coating spot was similarly applied and measured on each thin beam.

These measurements indicated coating thicknesses of 0.35 and 0.40 mils,
and the data were estimated to be accurate to +O.1 mil because more

favorable techniques (not discussed herein) could be used for the thin
beams.

A strain gage and thermocouple was installed on each beam. Each of
these sensors was at the same distance from the beam root as the coating

spot (or spots), but was on the opposite face of the beam. The strain

gages had beam root-to-tip alignment in conformance with the unidirect-

ional stresses which would be produced by vibration. The strain gage on

the thinnest beam was calibrated by weight loading so that curvature

effects with the finite gage thickness would be included in data re-

duction. Since the curvature correction was small (approximately 3 per-

cent) for the thinnest beam, no such calibrations or corrections were
made for the other two beams.

Te st Procedure

Each of the three beams was successively clamped horizontally in a

rigid fixture with an unsupported projecting length suitable for the

desired natural frequency and vibration mode (discussed above). An

electromagnetic shaker (of a size suitable for each beam) was mounted

behind the beam and near its root so that relatively high resonant mo-
tions and stresses could be obtained. The thin beam motion modes were

visually observed with vibration, and their lengths were adjusted so that

there was no significant angular oscillation movement at coating spots

during substrate conduction test runs. There was angular movement of

the coating spots near the root of the thick beam during test runs, but
it was considered too small to affect test data.

An infrared radiometer system was mounted in a manner suitable for

viewing beam coating spots perpendicular to their surface. The radio-

meter optics were of the Cassegrain telescope type with an eight inch

diameter primary mirror. The radiometer detector was of the germanium
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immersed thermistor bolometer type with a one milliradian field of view

(nominal for the specific optics). The radiometer was located 1OO inches

from the beam so that the nominal field of view on the beam was a O.1

inch square, and all minor peripheral radiometric response was within an

area smaller than the 0.5 inch square coating spots (even with the maximum

de-focusing movement of the thin beams). The internal optical chopper

of the radiometer was disconnected and locked in its open position. The
output of the bolometer preamplifier was connected to a 3.5 Hz bandwidth

noise filter (wave analyzer). Prior to vibrating beam tests, the radio-
meter system (including the noise filter) was checked with an external

optical chopper to verify flat signal response in the 20 to 30 Hz fre-

quency range.

Strain gages and thermocouples were connected to conventional read-

out instruments suitable for indicating the instantaneous oscillating

strain magnitude and frequency and the average instantaneous temperature

level of the beam surface opposite the coating spots. Radiometric noise
was checked (without vibration) before and after each vibration test

r_n, and it was found to remain constant (0.3 millivolts signal output

noise). All vibration test data were recorded at steady-state conditions.

Coating lag roll-off test runs were performed by sequentially viewing

each of the five coating spots on the thick beam. The shaker power was

carefully adjusted to obtain the same strain gage signal output during

each of these runs. With this procedure, the accuracy of attaining the

s_ne stress magnitude at all coating spots was favorable for excluding

two known possible sources of error. Repeating stresses for individual

runs would be dependent on instrument precision (rather than absolute
accuracy), and minor variations of thermoelastic constants with stress

would not effect data reduction accuracy.

Substrate conduction roll-off test runs were performed sequentially
on the three beams of different thicknesses. Data were recorded at

various arbitrary stress levels during these runs. The 0.80 rail coating

spot only was used for these runs on the thick beam (for reasons dis-

cussed below).

Some qualitative checks were made for reflected environmental ra-
diation effects with the thinnest (0.198 cm) beam. The beam was moved

outward in its mounting clamp approximately six inches. This longer
beam was vibrated in its second natural mode and the beam motion at the

coating spot was observed visually. As expected from the vibration mode

shape, the coating surface was then found to be undergoing an oscillating

rotary motion of significant magnitude (approximately ±5 deg. at 20 000 ib/

in2 peak-to-peak stress). The radiometer was moved to a position oppo-

site the spot in its new location so that its viewing angle was perpen-

dicular to the coating surface when the beam was not vibrating. With
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this arrangement, the rotary beam surface movement during vibration

caused the location of its primary environmental reflection environment

to oscillate well beyond the sides of the radiometer aperture. Environ-

mental reflection increments were then produced by placing materials of
relatively high and/or low emissivity on each side of the radiometer.

The results were observed qualitatively as radiometrJc signal increments
at a constant stress oscillation level (approximately 20 000 ib/in.2).

Data Reduction

All strain gage data were reduced to stress (peak-to-peak) by con-
ventional methods. An elastic modulus of 107 ib/in 2 was usea for this

data reduction (ref. 28).

All radiometric signals were corrected by subtraction of the ob-

served 0.3 millivolt noise before reporting herein as observed radio-

meter signals. The signals were further corrected (as shown herein) to

equivalent 300OK signals. These corrections were made with the assump-

tion that signals vary as the fourth power of absolute temperature, which

is exactly correct only for a thermal detector with completely flat

spectral response (ref. 5). The test radiometer had a germanium immer-

sion lense, which alters the flatness of its spectral response. However,

the relatively small corrections for minor deviations of test tempera-
tures from 300°K were considered valid to improve overall test data

accuracy.

Coating lag and substrate conduction signal roll-off parameters were

computed with the assumption of unity signal ratio for the 0.80 mil thick

coating spot on the 7.62 cm thick beam. The original basis for this

data reduction was the assumption that the theoretical roll-off analysis

was correct. However, the relatively small signal ratio changes ob-

served for adjacent test data points indicated that the assumption was
approximately correct (as discussed below).

Test Results

The test data indicated a small signal loss for the thinnest coating and

signal losses increasing with thickness for the other coatings (Table XI

and XII).

The test data for coatings thicker than 0.80 mil agreed fairly well

with the theory (fig. 32). The scatter of these data was attributed to

the estimated +0.2 mil uncertainty in the measured coating thicknesses
(discussed above). The slight signal loss for the thinnest (0.]5 mi] )

coating was attributed to non-opaque effects on its surface emissivity

which would not be expected for the 0.80 mil costing. (See section on

"Spectral Reflectivity Experiments", p. 106). The small difference be-

tween the signal ratios for the two thinnest coatings indicated that the

0.80 mil coating lag was small, and its signal ratio was approximately

unity as assigned for data reduction.
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Table XI.- COATINGLAGTESTDATA

Strain gage
indication,

(a)
lb/in 2

22700

Vibration

frequency,
(O
Hz

u

Coating

thickness,
mils

Radiometer

output

signal,
mV

21.2 0.15

0.80

I. 20

1.5O

2.20

4.1

4.2

3.9

3.7

3.2

Beam

temperature,
OF

8O
8O
8O
78
78

Table XII.- COATING LAG SIGNAL ROLL-OFF PARAMETERS

Coating
Thickness

0.15

0.80

i.20

i.5o
2.20

Frequency Parame{ers

Coating Frequency
factor, parameter

(Cc), (Ccf)
sec a dimensionless

o.oo14

O.040
0.091
0.142

0.308

6.8 x 10-5

1.90 x 10 -3

4.3 x 10 -3

6.7 x 10-3

1.45 x 10 -2

Radiometer Signal Parameters
Corrected

signal

(0=22 700_.iblin2)
my _,

4.10

4.20
3.90

3.76

3.26

Signal ratio,

(nc)
Dimensionless

0.98 d

i .00c

0.93 d

O.90d

0.77 d

a From fig. 3Q, p. lO1 for black enamel coating.

b
Corrected to equivalent 300°K signal.

c Assumed to be unity for (Ccf) of 0.040 as shown in fig. 5, p. 26.

d
Computed from signal ratios relative to the 0.80 mil coating signal.
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Figure 32.- Test and theoretical coating lag signal roll-offs

If t?_e thickness of the coating on a test part is known, the fre-

quency threshold of coat_g lag signal roSl-off cau be accurately pre-

dicted to asm_re reliability of teal, data acquired at lower frequencies.

If the coat_n_ thic_<ness is known exactly enough, data corrections for

coating lag coo]d be made for test frequencies as much as ten times the

rolS-off thresho]d. How e_er, the signs] ratio variations for +O.1 mil

coating tbic_less variations (fig. 32) shcw the importance of e-xact

thickness in such corrections. Conventicna] coating t_ickness measure-

ment, techniques are not s_,itab]e for rap_d measur_ents on large surface

areas with thin coatings.

The coating lag roll-off tests verified the validity of assumtn_

that coating ]sg wou]d not affect signals from the two thinner beams

for substrate conduction testing. The thickest of these coatings was

O.hO +O.] mils, and its maximum coating response factor Cc wou]d there-
fore _e 0.OOO_8 seconds. (See section on "CoatirJg Response Experiments",

p. lO1). At the 26.6 Hz maximum test frequency (shown below), the coat-

ing frequency parameter Ccf wooSd be 0.0]28. This is below the rol]-off
thresho]d by a factor of more than two (fig. 32). The third beam coating

was 0.3% +O.] mil thick, and wou]d be less critical relative tc the1_nal

response. It was also known to be thick enough to be essentis]ly opaque.

(See section on "Spectra] Reflectivity Experiments, p. ]07).

The substrate conduction test data indicated increasing signal losses

with decreasing beam thicknesses (Table XI] l and XIV). The scatte_" in

radiometric signs] data was approximately the same magnitude as the ob-

served 0.3 mil]_vo]t radiometer noise (f_g. 33), and this was considered

the primary source of data scatter.
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TABLE XIII - SUBSTRATE CONDUCTION TEST DATA

Beam

Thickness

(tp),
cm

7.62

0.950

0.].98

Vibration

frequency,
(f),

Hz

21.2

25.8

26.6

Strain

gage

indication,
(o), Iblin2

5 h40
13 530

22 7OO

3o 15q

16 320

Radiometer

output

signal,
mV

0.8

2.0

4.2
5.2

2.3

Beam

temperature,

OF

74
'71
la+

8O

81

7O

29 9O0

43ZOO

1o350
20650
31000

4.3
6.4

0.9

2.1

2.9

70

72

72

72

73

a)

o

a)

o

8

.

6_

Beam thickness, cm

0-- 7.62

[]..... 0.95o

A- 0.198
j,

J

,,,I

/A

I I I
io 2o 30

Oscillating stress, (a), ib/in 2

P
i

I
o _o _xl_

Figure 33.- Radiometer signals for various beam thicknesses
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Table XIV. - Substrate Conduction Signal Roll-Off Parameters

Frequency Parameters

Beam Conduction

Thickness, factor

(tp) (Cz)
cm seca

7.62

0.950

0.198

118.5

Frequency

parameter,

(Czf)

dimensionless

2510

1.842

0.0800

47.6

2.13

Radiometer Signal Parameters

Oscillating
stre ss

(o)

1,b/in 2,

5 h40

13 530

22 700

25 000

3o 15o

16 320

25 000

29 900

Corrected

signal

mVb

0.84

2.09

4.20

4.37 c
5.16

2.48
4.02 c
4.64

43 50o 6.S0

It 350 0.96

20 650 2.23
25 000 2.63 c

31 000 3.06

Signal ratio,

(o=25 000 ib/in 2)

dimensionless

1.00 d

0.91 e

0.61 e

a Computed from relation Cz = tp2/ap for ap = 0.49 cm2/sec

as shown in fig. 15 and Table II, pp. 46-47

b Corrected to equivalent 300°K signal.

c From fig. 33 for 25000 ib/in 2 stress.

d Assumed to be 1.00 for Czf of 2510 as shown (approximately)
in fig. 2, p. 16.

e Computed from 25,000 Ib/in 2 signal ratios relative to the 7.62 cm

thick beam signal.

The substrate conduction test data agreed fairly well with the theory

(fig. 34). There was a relatively small difference (9 percent) in signal

ratios for the two thickest beams with almost two orders of magnitude
difference in the frequency parameter. This indicated that the substrste

conduction was small for the thickest beam, and its signal ratio was ap-
proximately unity as assumed for data reduction.
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signal roll-offs.

The deviation of the thinnest beam data point from theory (fig. 3A)

appears to be only partially due to radiometric measurement inaccuracy.
Since measurement errors were believed to be negligible for beam thicknes,

stress oscillation frequency, and stress magnitude (from strain gages),

the probable major cause of the deviation is a beam material thermal dif-
fusivity different from the handbook value used for data reduction. Al-

though the actual location of the intermediate data point indicates a

similar diffusivity difference, the estimated overall test accuracy was

not sufficient to define this in the relatively flat roll-off range. The

agreement of radiometric data with theory is considered reasonable in

terms of the estimated test accuracy and expected material property un-
certainties.

Data reported in the literature (ref. 3) did not agree with the

theory (fig. 34). These data had been obtained from tests of a vibrating

beam with thermocouoles attached to its surface. Although thermocouple

response checks had indicated that adverse instrumentation lag would not

be obtained, it appears that some _abtle instrumentation response effect

could have been encountered. No source of major errors has been identified

for the radiometric data reported herein, and these data are more extensive

than previously reported. The radiometric data are therefore considered

_he most rcliab!e and an adequate check of the theory.
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The 0.80 mil coating on the thickest beam yielded a signal of approxi-

mately 1.76 x 10 -4 mV per it/in 2 (fig. 33 ). The observed 0.3 mV radio-

meter noise therefore indicated a detectable stress _* of 1700 ib/in 2.

This can be compared with detectable stress computed from the known test

application factors. The selected data point was for no signal losses by

coating lag or substrate conduction (as discussed above). It was also

known that there were no other signal roll-offs (pp. 46-47), and np was

therefore unity. The data were for a 300°K test part with no windows, and

the spectral integral for an unimmersed thermistor under these conditions
would be 1.3 x i0 H_z/cm sr (pp. 49 and 54). However, the test detector

had a germaniuum immersion lense, and a typical threefold increase in

detectivity from this would indicate a spectral integral V_r/C_ of 3.9 x

107 H/-_/cm sr for the test detector. The black enamel coating on the

test part surface has an emissivity _ of approximately 0.87 for a signal

in the 5 to 15 micron spectral range of the 300°K signal (pp. ii and 55).

The spectral integral parameter Vir would therefore be 3.73 x 107

H_/cm sr (pp. 49). rhe actual radiometric field of view was I mrad,

but the typical effect of the immersion lense would yield an equivalent

unimmersed field of view ¢oof 0.5 mrad (p. 55). The radiometer focal

length fo was 30.4 cm (12 in.), _nd these factors define a geometric

optical function Ko of 1.4 x I0 -O sr/cm (p. 56). The radiometer op-

tical efficiency no was estimated to be 0.5. The aperture diameter Do

was 20.3 cm (8 in.). The above factors define an optical gain parameter

( noKoDo Z) of 2.89 x 10 -4 sr cm (p. 56). The detector time constant was

i msec, and the detectivity ratio nd would be 1.38 for the 21.2 Hz test

frequency (p. 60). The test noise filter band Af was 3.5 Hz. The test

beam material was aluminum which would have a thermoelastic constant KM

of 6.65 x 10 -8 in2_ib (p. 61). The above factors would indicate a de-

tectable stres_ _ of 1800 Ib/in 2 (p. 61). This agrees fairly well with
the 1700 ib/in z detectaole stress indicated by the observed radiometer
noi se.

Reflected environmental radiation checks (carried out as discussed

above) showed that saprious signals could be produced by non-uniform

radiation enviror_ents near the radiometer aperture. No spurious effects

were observed from the normal uncontrolled room background (factory type

room without air conditioning and containing a diverse distant background

of walls and objects). However, placement of a polished aluminum sheet

(low emissivity) adjacent to one side of the radiometer produced approxi-

mately 30 percent radiometric signal increase. With black optical cloth

draped three feet beyond both sides of the radiometer aperture, no

spurious signals were observed for several arbitrary placement locations

of the aluminum sheet. No attempt was made to quantitatively measure

environmental reflection effects, but a uniform radiation environment

around the radiometer aperture appeared to suppress spurious signals.
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Conclusions

Coating thermal lag signal roll-off tests confirmed the validity of

the theoretical analysis. Coating lag can cause significant errors in

high frequency infrared stress measurements. Improved techniques for

coating application and thickness measurement are required to obtain

ultimate reliability', accuracy, and frequency ranges with infrared stress

measurements. (See section on "Recommended Future Work", P. 85 ).

Substrate conduction signal roll-off tests confirmed the validity
of the theoretical analysis.

The observed radiometer noise was in fairly good agreement with the

detectable stress computed by the methods developed during the research

reported herein. (See section on "Instrumentation System _thodology",
Pp. 46-63 ).

Reflected environmental radiation can produce spurious signals when

test part motion and stress oscillation is at the same frequency. High

emissivity coatings on the test part and around the radiometer aperture

tend to suppress these spurious signals, but the quantitative e£fects of

en_rironmentel reflection on infrered stress signals are not presently

known. Additional research on this is required to assure ultimate accuracy

and reliability of infrared stress data. (See section on "Recommended
Future Work", p. 85).
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APPENDIXE
@

INFRARED DETECTOR ANALYSIS

by J. A. Daily

Introduction

Infrared stress detection and spatial resolution limits are depend-

ent on the type of infrared detector utilized in the radiometer (See

section on "Optical Collection", pp. 37-38 and "Infrared Detection",

PP. h2-&3). Six different detectors are discussed herein, and their

basic parameters and diverse spectral response, which affect the design

and performance of the radiometer, are reviewed.

Detector Performance Parameters

Assuming that the radiometer performance is detector limited, its

sensitivity is inversely proportional to the detector's specific detec-

tivity. Thus large values of specific detectivity are desirable, but

these values vary in magnitude and spectral response depending on the

detector material, mode of operation, operating temperature, and field
of view. The spectral response curves (fig. 35) depict the specific

detectivity of the six detectors operating with a 180 deg. field of
view.

Also of prime importance to the design and performance of the

radiometer, is the detector frequency response (fig. 36) and noise

spectra (fig. 37). Table XV includes most of the basic parameters of

the chosen detectors and is included for ease in rapid comparison of

the detectors (ref. 13, 15, 36, 37 and 38).

Detector Comparison

Thermistor Bolometer - The thermistor bolometer has found wide ap-

plication in the detection of infrared from low temperature objects (long

wavelength operation), one of the principal applications being in radio-
meters. The thermistor bolometer differs from the rest of the detectors

being studied in that it is a thermal detector rather than a photon

detector. Although the thermistor flake is a voltage biased semiconductor,

the term "thermistor" denotes "thermally sensitive resistor". Incident

radiation physically warms the thermistor flake changing its resistance
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TABLE XV.- CHARACTERISTIC DETECTOR PARAMETERS

Material Photon Mode Film

or of or P-type, temp.,

thermal operation single intrinsic, °K

crystal or

extrinsic microns

thermistor thermal bolometer flat

Bolometer

PbS photon photo film intrinsic 2.5

conductive

, photon photo single I PN 5.3

voltaic crystal

InSb-FV

Ge:Au photon

Ge:H_ photon

Ge:Cu photon

photo single P-type

conductive crystal

photo single extrinsic

conductive crystal

photo single P-type

conductive crystal

N-type, Operating Wavelength Cut-off Peak Response Resistance Noise

of wavelength detect ivity, time, per mechanism

peak (50% down), cm _z/W Ws square,

response, microns

300

77 3.3

77 5.5

77 5.0 7.1

28 ll.& ii

IO 20 27

ohm

2.5 x i08 1(300 2.& x 10 6

(9o HzP

8.O x iO IO &55 5 x 106

(90 HZ) b

8.8 x 1(3I0 i i x 103

(900 Hz) b

1.75 x IO IO 1 1 x 106

(900 Hz) b

1.3 x iO IO O.i 1 x 106

(9o0 _(,)b

8.75 x 109 0.i I x 105

(900 H,) b

aGeneration-regeneratlon noise.

bCbopping frequency.

10 2

Min.

practical

are ,

Thermal .O1

current .05

current .O1

below iOO HS

gr above a

current .O5

below AO Hz

gr above a

current .05

below 400 HI

gr above a

current be- .O5

low iOOO Hz

gr above a
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exponentially with temperature. When the radiation is removed the

thermistor flake returns to its original temperature with a decay

dependent upon the thermal conductance between the flake and its heat

sink mount. Thus inherently its time constant is long and, since its

output is dependent on the total incident energy absorbed, its spectral

response is flat.

Thermistor detectors can be constructed with a wide selection of

sensitive areas (down to approximately O.l mmx O.i mm) and a variety of

response times (i.O to 5Omilliseconds). Since the specific detectivity

is proportional to the square root of the response time, the user should
select the detector having the longest response time consistent with

his frequency response requirements in order to obtain the highest
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p_ssible specific detectivity. The spectral response curve (fig. 35)

and frequency response curve (fig. 36) are for a detector with a 1,000

microsecond time constant. Since most bolometers are limited by thermal

noise, the noise spectrum (fig. 37) is frequency independent.

Performance of thermistor bolometers have been improved by utilizing

i_nersion optics (D* increased by factor of 3 to _). Also significant

performance improvement has been obtained by the superconducting bolometer.

For instance the Andrews niobium nitride superconducting bolometer

operating at 15°K provided a D'*value of A8 x iO8cm H/Hz/watt with a

response time of 500 microseconds. However the stringent temperature

control requirements (in the order of _+ O.OOOI°K) for stable operation,

have prohibited its operational use.

The thermistor bolometer is characterized by a flat spectral response,

a low specific detectivity, and a long time constant. It was selected for

further study (fig. 12) because it is the best flat spectral response
detector.

Lead Sulfide Detector (PbS) at 77°K - Lead sulfide is a highly

versatile polycrystalline film, photoconductor and is by far the most

extensively used of the infrared detectors. It was the first to be

developed to the stage of large-quantity production. Lead sulfide exhibits
a very high specific detectivity (best of all detectors at 2 micron

radiation wavelength), but operation is limited to the shorter wavelengths.

By cooling the detector to 77°K (liquid nitrogen temperature), the long-

wavelength cutoff is extended from 2.5 microns (295°K) to 3.3 microns.

A wide selection of detector sizes (down to 0.2 mmx 0.2m m) from

either the chemical deposition or sublimation manufacturing technique are
readily available on the commercial market. The detector cooled to 77°K

exhibits a time constant of about 500 microseconds. Since these detectors

exhibit higher values of specific detectivity for longer time constants,
the user should select a detector having the longest response time constant

suitable for the application. The spectral response curve (fig. 35) and

frequency response curve (fig. 36) are for a detector with a _55 micro-

second time constant. The detector is current noise limited; however,

the noise spectrum (fig. 37) follows a power law that differs from a simple

inverse frequency dependence.

The lead sulfide detector operating at 77°K is characterimedby a

very narrow spectral response with a long-wavelength cutoff at 3.3 microns,

a very high peak specific detectivity, and a relatively long time constant.
It was selected for further study (fig. 12) because of its high specific

detectivity and its spectral compatibility with crown glass windows

(fig. 8).

Indium Antimonide PV Detector (InSb-PV) at 77°K - Photovoltaic indium

anbimonide _^-_ .... are dRsigned for use where the ultimate in performance

in the 2 to 5.5 micron spectral region is required. When cooled to liquid
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nitrogen temperature, 77°K, these detectors develop a short circuit
current which is directly proportional to the number of effective

incident photons and an open circuit voltage which is proportional to

the log of the number of effective incident photons. Like all photodiodes,

photovoltaic indium antimonide detectors do not require the use of a bias
current for signal generation. Photovoltaic indium antimonide detectors
have an inherent advantage over their photoconductive counterparts in the

important areas of speed and sensitivity. It is approximately ten times
faster and the theoretical specific detectivity is higher by a factor of

_-. In actual production state-of-the-art, the specific detectivity

advantage is even greater.

Photovoltaic indium antimonide detectors are available in production

quantities with round or rectangular areas ranging from less than 10-&cm 2

up to an including 1 cm2. Performance of the detector depends on the

detector area. Responsivity and peak specific detectivity values are:

Area, cm2

10-& to lO-2

O.O1 to O.1

O.1 to 1.O

Peak specific detectivity

8.8 x i0I0

6.6 x i0I0

5.5 x i0lO

cm_/watt

cm_/watt

cm_Hz/watt

responsivity,V/W

lO 5 volts/watt

10_ volts/watt

lO3 volts/watt

The spectral response curve (fig. 35) and frequency response curve

(fig. 36) are for a detector with a time constant of less than one micro-
second under non-RC limited conditions. The noise spectrum (fig. 37)

is dominated by generation-recombination noise above 1OOHz .

The photovoltaic indium antimonide detector operating at 77°K is

characterized by a relatively narrow spectral response (2.8 to 5.5

microns), a very high peak specific detectivity, and a short time constant.

It was selected for further study (fig. 12) because of its high specific

detectivity and its spectral compatibility with modified glass windows

(fig. 8).

Gold Doped Germanium (Ge:Au) at 77°K. - Gold doped germanium was the

first impurity activitated germanium detector in use. Photoconductive

gold doped germanium provides longer wavelength operation and a relatively

high specific detectivity. By cooling the detector to 77°K (liquid

nitrogen temperature), the long-wavelength cutoff has been extended to
7.1 microns.

Detector sizes range from 0.3 mmx 0.3 mm to 5 mmx 5 mm commercially.

As shown in the spectral response curves (fig. 35), the gold doped

germanium detector has an intrimsic peak at the 2 micron wavelength. This

is characteristic of all the germanium detectors and is usually removed by

filtering. When the gold doped germanium is cooled to 77°K, the time con-

stant is less than one microsecond (fig. 36). The detector noise spectrum

(fig. 37) is dominated by current noise below _0 Hz, with generation-
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recombination noise dominating at higher frequencies.

In order for gold-doped germanium detectors to be background limited,

the operating temperature must be reduced to around 60°K. Liquid nitrogen

can still be used by utilizing a vacuum forepu_p to reduce the vapor

pressure above the liquid nitrogen. At 65°K, the specific detectivity

increases by a factor of approximately 2.3 and the spectral response

remains essentially the same.

The gold doped germanium detector at 77°K is characterized by a

medium width spectral response with a long-wavelength cutoff at 7.1

microns, a relatively high specific detectivity, and a short time constant.
It was selected for further study (fig. 12) because it provides the

broadest spectral response of all the photon detectors utilizing liquid

nitrogen as a coolant.

Copper Doped Germanium (Ge:Cu) at 10°K - The copper doped germanium

detector is a single crystal, extrinsic, photoconductive device developed

as the need for longer wavelength detectors arose. The device is capable
of detection of infrared radiation from 2 to 27 microns. The detector is

3OO°K background limited and has a response time of less than 0.i micro-
second when cooled below l&°K.

Aperture sizes from 0.3 mm to 3 n_n diameter are standard. Standard

fields of view range from lO° to 150 °. For various fields of view, the

following peak specific detectivity values have been measured.

Field of view, deg. Peak Specific Detectivity, cm_/watt

ISO 0.9 x i0lO
120 1.0 x iOIO

90 1.3 x iOIO
60 1.8 x 10IO

30 3.3 x 10lO

The spectral response curve (fig. 35), frequency response curve

(fig. 36), and noise spectra curve (fig. 37) are for a copper doped

germanium detector cooled to 10°K.

A broader spectral response is available with photoconductive zinc

doped germanium. When cooled to &.2°K, this detector exhibits a long-
wavelength cutoff at 39.5 microns. However, its stringent temperature

requirements presently prohibit operational use.

The copper doped germanium detector operating at 10°K is characterized

by a very broad spectral response with a long-wavelength cutoff at 27

microns, a r_v_ high spcoific _t_ctivitv. and a short time constant.

It exhibits the broadest spectral response of all photon detectors now
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operational.

Mercur_Doped Germanium Detectors at 28°K - The mercury doped

germanium detector is a single crystal, extrinsic, photoconductive

device ideally suited for the detection of infrared radiation in the

8 to l_ micron spectral "window" of the atmosphere. These detectors

have the highest detectivity with the least stringent cooling require-

ments for infrared detectors sensitive through the 2 to lA micron

region. For these reasons, much research and development has been

accomplished w_th this detector and it is now readily available for
commercial use.

Mercury doped germanium is 300°K background limited when operated

below AO°K, and is normally used for detection of near ambient

irradiance. When cooled below 30°K, the long time constant of 20 micro-

seconds is eliminated and the response time is less than a microsecond.
Aperture sizes from 0.3 mm to 3 mm diameter are standard. Also,

standard fields of view range from 10 to 150 deg. For various values of

field of view, the following peak specific detectivity values have been
obtained:

Field of view, deg.

Detectivity, cm_Z/Wa_ t
0.2m m2> Area 0.2 mm2<Area

120 i._ x i0I0 0.8 x i0I0

80 1.9 x i0I0 i.i x i0 I0

&O 3.6 x i0I0 2.0 x i0lO

20 7.0 x i0I0 _.0 x i0I0

for operating temperatures below 28°K and electric fields below

30 volt/cm. The detector depicted in the spectral curve (fig. 35), the

frequency response curve (fig. 36), and the noise spectra curve (fig. 37)

has a response time of less than one microsecond.

With the exception of spectral response, the performance character-

istics of mercury doped germanium detectors vary with operating temperature.
By operating at 28°K or cooler, stable operation is obtained (Fig. 38).

The problem of remaining under this temperature during peak load conditions

has essentially been resolved, even for closed-cycle coolers. For

instance, Norelco now provides an airborne IR system with a double-expan-

sion Stifling-cycle cooler utilizing helium as the working gas which is

capable of a no load operating temperature of l&°K. Norelco's previous

single-expansion Stirling-cycle cooler was capable of a no load operating

temperature of 23°K which provided only marginally stable detector

operation under peak load conditions.
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The mercury doped germanium detector operating at 28°K is character-

ized by a relatively broad spectral response with a long-wavelength cut-
off at 14 micron, a relatively high specific detectivity, and a short
time constant. It was chosen for further study (fig. 12) because its

spectral response best matches the irradiance spectrum of room temperature
objects (fig. I).
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Detector Application Factors

b_

Detector Cold Shieldin_ - A method for increasing the specific

detectivity of a background noise limited detector is to decrease the

extraneous background noise input. This can be done by decreasing the

field of view with cold shielding. Necessary, however, is that the cold

shielding be sufficiently cool so that its photon noise is negligible

compared to the background noise which it eliminated. Using photovoltaic

indium antimonide as an example (fig. 39), the specific detectivity

increases as the field of view decreases and is proportional to the

theoretical cosecant trend for the large field of view values.
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Figure 39. - Effects of cold shielding on InSb-PV

detector performance (77°K operating

temperature)

Wind Tunnel Window Emission - Assuming that the window is

undisturbed by its environment except for temperature, the window will

emit energy proportional to that absorbed after reaching a steady-state

condition. This window emission as seen by the radiometer is essentially

a noise source and will thus reduce the signal to noise performance or

sensitivity of the overall sensor. On a macroscopic basis, the percentage

of absorption is equal to unity (100%) minus the percentage of transmission

minus the percentage of reflection. Assuming negligible reflection, the

window emlttance is proportional to unity minus the transmission (fig. _0)°

Radiometer Bandwidth - This radiometer parameter is of extreme

importance and is usually a design compromise. Since the infrared detector

is a large noise source, minimum bandwidth is dictated. However, an
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adequate bandwidth is necessary to preserve the integrity of the
detected signal. The different items determing the frequency response

requirements of the radiometer (i.e. scan rate, stress signal frequency,
maximum bit rate, minimum frequency, possible use of a narrow band

filter, etc.) require further study. (See section on "Recon_nended Future

Work", p. 87). After sufficient analysis of the various alternate

methods of detection and signal processing, a minimumbut adequate

bandw_-dth can be determined in terms of test application requirements.

(See section on "Signal Processing Factors, p. 60).
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APPENDIX F

_w

WINDOW DESIGN ANALYSIS

by Ralph T. Rauch and Milo H. Belgen

Introduction

Pressure barrier windows are required for some test facilities

important to infrared stress measurements. (See section on "Pressure

Barrier Window Attenuation" p. 31). It was considered desirable to

identify the factors considered in the selection and design of the

four window materials to be used in the infrared study.

Most test facilities have windows employing common glass materials

(such as crown glass), wnich transmit radiant energy only at relatively

short wave lengths, If exterior radiometers are employed for infrared

stress measurements in such test facilities, it may be necessary to

install window panes employing a material more suitable for radiant

energy transmission. This would frequently be practical without major

modifications of window frames. Various test facilities have round,

square, or rectangular optical windows, depending on their specific

functional purpose. It was therefore considered desirable to present

general design criteria for all of these common window configurations.

Window Design Criteria

Geometric Factors.- Window thickness (tw) is the geometric factor

important relative to infrared transmittance losses, and it is also an
important factor relative to the stress (ow) and deflection (_w) pro-

duced by pressure loading (AP). For the round windows, the diameter (Dw)

is the additional geometric factor pertinent to stress and deflection.

For rectangular (or square) windows the width (Xw) and length (Yw) are

the additional geometric factors pertinent to stress and deflection.

_p_e_of Loading.- Test facility windows are nearly always subject

to a uniformly destributed load in the form of a differential pressure
(AP).

Mountlng or Condition of Support.- Test facility windows are

universally mounted so that when loaded their edges can rotate with

as little restraint as possible. For this reason the analysis herein

was based on windows with simply supported edges.
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Strength Considerations.- The integrity of a window pane is

dependent on the material strength being higher (by a factor of safety)

than the maximum stress (ew) produced in the pane by the pressure

loading (AP). For the high silica glasses the factor of safety based

on the modulus of rupture is generally taken as ten, although lower
factors of safety have been successfully applied. Some indication of the

factor of safety desirable for specific applications can be gained from
the following data (ref. 39).

Factor Number

of of

Safety Failures a

1 5OO
2 22

2.5 8

3

1.3

i0 O.150

aprobable number of annealed

windows which will fail at

initial occurrence of design
load (of each 1000 pieces)

Eastman Kodak Company recommends a factor of safety of four when design-
ing windows utilizing "Irtran" materials. In addition to modulus of

rupture, Poisson's ratio (_) is a material property pertinent

to window strength because of its effect on stresses produced by pressure

loading.

Deflection Considerations.- Strength or integrity as related to

potential failure is the primary basis for window design, but the pane

deformation under pressure loading is important relative to edge rotation

in the frame and other design considerations. This can be evaluated in

terms of the deflection (_w) at the center of the pane. Modulus of
elasticity (E) is the most important material property relative to

deflection, and Poisson's ratio (_) is an additional pertinent property.

Design Analysis Methods

Circular Flat Windows.- The maximum stress at the center of a

circular flat plate that is simply supported around the edge and uniformly

loaded is expressed by the relations

_w = K_l(Dw/tw )2AP

Kol = 0.09375(3+v)

(ref. AO), where Kol is the stress factor. Stresses can usually bc com-

puted from the 0.3055 stress factor applicable for 0.26 Poisson's ratio.
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Such computations would involve less than + 3 percent errors for many

diverse optical and infrared window materials.

Maximum deflection in a circular flat plate that is simply supported

all around the edge and uniformly loaded is expressed by the relations

_w = K_l(Dw4/Etw 3)AP

K_I = 0.001172 (1-v)(5+_)

(ref. _0), where K61 is the deflection factor. Approximate deflections

can be computed from the 0.00_561 deflection factor applicable for 0.26

Poisson's ratio. However, such computations could be in error by as

much as 7 to 15 percent for window materials having a 0.20 to 0.36 range

of Poisson's ratio. More exact deflection factors can be readily

computedwith the equation above if necessary.

Rectangular Flat Windows.- Maximum stress, Ow , at the center of a

rectangular plate that is simply supported all around the edges and

uniformly loaded is expressed by the relations

ow - Kc2Ew2AP

m=1,3,5

mw
sfn

2

2(2 + Gmtanh Gm)

Am = _ _SmScosh Gm

2

Bm ffi =m_coshJ_

(ref. _0), where Kc2 is the stress factor. When numerical values are

substituted into the above equations, the stress factor can be evaluated
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as a function of Poisson's ratio. (Table XVI).

TABLE XVI.- STRESS FACTOR EQUATIONS

FOR RECTANGULAR PLATES

Length-to-width ratio, (Yw/Xw),
dimensionless

1

2

3

Stress factor, Ko2 , dimensionless

(0.2213 + 0.2208 v)

(0.5788 + O.lO_hv)
(o.7o_l + o.o3oov)
(0.738o + o.oo91_)

By inspection of these equations it is apparent that the greatest varia-

tion of stress factor with Poisson's ratio occurs when length-to-width

ratio is unity. However, the percentage error introduced by assuming

0.26 Poisson's ratio is less than ± 8% for the 0.20 to 0.36 range of

Poisson's ratio. Stress factors can readily be computed on the basis
of this assumption (fig. A1).

Shearing forces Qx and Qy along the edges of simply supported
rectangular plates are expressed by the relations

Qx= KQx

KQX = 0.5 - 0.4053

m=1,3,5

m 2 cosh Can

Qy = KQy XwAP

m-i

(-i)TK0y ffi0.4053 m2

m,,l,3,5

tanh C_

kL=_. _0), applicable to the center of the long and short sides, respectively.

The values of shearing force factors Koxand KQy can be com@uted (f_g. A1).
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The reactions at the edges of a rectangular plate are ex-

pressed by the relations

.J

VX = KVX XwAP

Vy - KVy XwAP

applicable at the center of the long and short sides, respectively.
The values of reaction factors can be computed (fig. &l).

In the design of a frame for a rectangular plate it may be important

to make the frame sufficiently rigid to keep the corners from rising. If

the corners are not prevented from rising the calculated stress at the

center of the plate will have to be multiplied by the factor,

Xw - 0.4167 Xw2Yw 2 + Yw4

Kok " Xw4 - 0.8333 Xw2Yw 2 + Yw 4

(ref. &O). Values for this factor can be computed (fig. 42). If it is

found necessary to hold the corners of the window down, the required

force at each corner is expressed by the relation

R = KR Xw2Ap

(ref. &0). The values of this force factor can be computed (fig. 43).

The maximumdeflection at the center of a rectangular plate that

is simply supported all around the edges and uniformly loaded is

expressed by the relations

6w = K62 (Xw4/Etw3) AP

__ m-IL (_ii'_-48

K62 (1-_2)/32- -TS"
,,,=1,3,5

2 + C_ntanh Gm I2 cosh Gm

(ref. 40), where K62 is the deflection factor. It is generally unnecessary
to go beyond the second term of the series in numerical calculations
because of the rapid convergence, and numerical values can be computed

(fig. _).
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Window Material Selection Factors

Modulus of Rupture in Bending.- It is desirable to select a material
that has a modulus of rupture sufficiently high to keep the windows

reasonably thin over an acceptable range of sizes and differential

pressures. This modulus varies with material, the form of the section

and the length-to-depth ratio for window pane materials.

Modulus of Elasticity.- Deflection is inversely proportioned to

the modulus of elasticity. Therefore, a high modulus is desirable to

keep deflections practical over the range of sizes and pressures likely

to be encountered in the design of wind tunnels and test cells.

Poisson's Ratio.- This property has some effects on stresses and

deflections for flat plates. However, the effects are relatively small

for the 0.20 to 0.36 range of Poisson's ratios, which might be encountered

with window materials. Therefore, this property normally has little

weight in the selection of window materials.

Coefficient of Linear Expansion.- This property is used mostly to

evaluate differential expansion between the window pane and its frame.

Differential thermal expansion provisions can be incorporated in the

frame design more readily if the pane and frame have nearly the same

expansion coefficient.

Coefficient of Thermal Conductivity.- This property of the material

is a factor in the temperature differential (between the two faces of the

window pane) which may be obtained during test facility operation. A

high conductivity is desirable to minimize temperature differentials.

However, the window pane thermal stresses are dependent on the material
thermal stress resistance factor as well as the thermal conductivity.

Thermal Stress Resistance Value.- This property is important

relative to the thermal stresses produced by temperature differentials

(between the two faces of a window pane). It is defined as the tempera-

ture difference between the twR faces of a window pane which will cause

a tensile stress of lOOO lb/in _ on the cooler of the two faces. (See

Table XVII footnote). A high value is desirable for minimnm thermal

stress.

Softening Point.- A softening point high enough for the window
operating temperature of the specific application is required. The

higher the softening point, the more generally adaptable the material
will be for diverse facilities.

Hardness.- It is desirable that a window pane material be of high

enough hardness for normal handling without damage. In some applica-

tions (such as wind tunnels), high hardness may be particularly important
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s_Om the standpoint of resisting abrasion from particles in the air
ream.

Corrosion Resistance.- The material corrosion resistance must be

adequate for all normal window pane usage conditions.

Water Solubility.- It is desirable (but not essential) that

window pane materials be insoluble in water.

Workability.- It is desirable (but not essential) that window

pane materials can be worked with reasonable ease by conventional methods

currently used by manufacturers of optical equipment.

Available Size.- It is desirable (but not essential) that window

pane materials be available in sizes somewhat larger than required

radiometer aperture diameters. Multiple Dane windows can be

employed if other favorable properties of the material justify the

additional complexity.

Cos____t.-Since all materials practical for transmitting long wave

length infrared radiation are much more costly than ordinary glasses,

this is a uniquely important factor in the selection of infrared

windowpane materials.

Selection of Materials for Infrared Stress Study

Since the existing windows of test facilities will usually be one

of the common optical glasses, it was considered desirable to define
infrared stress measurement limits for this type of material. Crown

glass was selected as the specific material because of its widespread

use for schlieren and other test facility window functions. However, its

useful transmission range is typical of nearly all common glasses, which

are essentially opaque at wave lengths beyond approximately 2.7 microns.

The other materials were selected on the primary basis of trans-

mitting longer infrared wave lengths than crown glass. Although many

materials transmit longer wave lengths, most of them are not useful

as window pane materials. Some are excessively costly, not available

in useful sizes, or are unacceptably soluble in water. Others do not

have a high enough modulus of rupture, hardness, or softening point to

be practical for pressure barrier window panes. However, there are
materials which can be considered for windows with various spectral

transmission ranges (Table XVII).

It was considered desirable to select the second window pane

material primarily on the basis of availability in large sizes at low
cost. There are a number of such materials which transmit wave lengths

as long as approximately 3.5 to _.5 microns (Table XVII). A specific

modified glass material (Coming Glass works designation Cortran TM 9753)

.......•_*_-,o _ +.be maximum spectral range feasible forwas selected as r_pr_,_ .........

materials with favorable physical properties and available at low cost
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a

in sizes adequate for large radiometer apertures. There are other materials

available with similar characteristics, and minor improvements of this

general category of materials is likely in the future. However, development
of low cost materials for long wave lengths (greater than 5 microns) current-

ly appears improbable.

Of the few materials currently available for long wave lengths Irtran 1

is the most useful (Table XVII). It has an unusually high modulus of rupture

(more than triple that of crown glass), and has no specific unfavorable

physical characteristics related to window applications. It transmits to

approximately 9 microns, a range compatible with most of the infrared detec-

tors. It is currently available in sizes adequate for relatively large

radiometers, and larger sizes are likely to be available in the future.

Although it is costly in comparison with glasses, it is not impractically

costly in relation to the total cost of a radiometer system.

For wave lengths beyond the 9.5 micron limit of Irtran i, two materials
(Irtran 2 and Irtran &) can be considered as window materials (Table XVII),

depending on the specific spectral transmission range required. Irtran 2

has a high modulus of rupture (more than double that of crown glass), and

has no specific unfavorable physical characteristics related to window

applications. It transmits to 1_.5 microns, a range compatible with all

infrared detectors except those responding in the longest wave lengths.
Its available si-e and cost considerations are the same as for Irtran 1.

Irtran 2 would usually be the best window pane material for wave lengths

beyond 9 microns. Although Irtran & transmits to longer wave lengths

(22 microns) and has a modulus of rupture about the same as crown glass,

it does not have the hardness desirable for pressure barrier windows
(Table XVII). It is also more limited relative to maximum size and more

costly than Irtran 1 and 2. However, Irtran _ was selected for the

infrared stress application range study to provide a large increment of

long wave length transmission characteristics.

Infrared transmission characteristics were evaluated in more detail

for the window pane materials selected for further study. (See section

on "Pressure Barrier Window Attenuation", p. 31).
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